Design and synthesis of optical sensors for the detection of molecules with biological activity by Gotor Candel, Raúl
 
DEPARTAMENT DE QUÍMICA ORGÀNICA 
Institut de Reconeixement Molecular i Desenvolupament Tecnològic 
 Doctorat en Química  
Design and synthesis of optical 
sensors for the detection of 
molecules with biological activity 
 
PhD. Thesis 
 
 
Submited by: 
Raúl Gotor Candel 
 
 
PhD. supervisors: 
Professor Ana Mª Costero Nieto 
Professor Ramón Martínez Máñez 
 
Valencia, November 2014 

 
        
 
 
 
 
 
 
 
ANA Mª COSTERO NIETO, PhD in Chemistry and Professor at the Universitat 
de València, and RAMÓN MARTÍNEZ MÁÑEZ, PhD in Chemistry and 
Professor at the Universitat Politècnica de València.  
 
 
CERTIFY: 
 
 
That the work “Design and synthesis of optical sensors for the detection of 
molecules with biological activity” has been developed by Raúl Gotor Candel 
under their supervision in the Instituto de Reconocimiento Molecular y 
Desarrollo Tecnológico (IDM) of the Universitat de València, as a thesis Project 
in order to obtain the degree of PhD in Chemistry at the Universitat de 
València. 
 
 
 
 
 
 
 
 
 
 
Ana Mª Costero Nieto    Ramón Martínez Máñez 
 
Valencia, November 2014.  
 

Als meus pares 
  

Abstract	  
 
 7 
Abstract 
  
In the present PhD thesis entitled “Design and synthesis of optical sensors for 
the detection of molecules with biological activity”, several concepts of the 
supramolecular chemistry have been used to prepare compounds capable of 
macroscopically signalling the presence of other toxic molecules or compounds 
with determinate biological activity. Thus, chemosensors and chemodosimeters 
have been prepared for the detection of anions, salts, zwitterions and chemical 
warfare such as nerve agents and blood agents. Additionally, the construction 
of an electronic device for the automatic monitoring of these probes is 
described. 
The thesis has an introductory chapter where the basic concepts of 
supramolecular chemistry, and specially, molecular sensors and 
chemodosimeters are explained.  
Chapter 2 describes the use of a calix[4]pyrrole derivatives as a cleft 
chemosensor for dianions of ?,?-dicarboxylic acids, and the results of using a 
conformationally blocked  calix[4]pyrrole as receptor for sulphonate anions. 
Chapter 3 describes the design and synthesis of an heteroditopic chemosensor 
for the sensing and recepting of cations, anions, or ion-pairs, as well as 
zwitterionic species such as aminoacids. The heteroditopic chemosensor, based 
in a BODIPY core bearing two hosts for cations and anions (a 18-azacrown-6 
moiety and a calix[4]pyrrole respectively) has also demonstrated to work as 
solubilizing agent for ion pairs and zwitterions in acetonitrile, as well as 
performing logical operations when treated with K+ and F- as inputs.  
In Chapter 4, a library of optical chemodosimeters for the selective detection of 
nerve agent mimics is described. The library has two main groups: 
chromogenic and fluoro-chromogenic probes. The first group is based in 
triarylmethanol derivatives. The tertiary alcohol of these compounds attacks to 
the toxic organophosphorous compounds and after a dephosphorylation 
reaction, the resulting cationic probe becomes colored through a delocalization 
of the charge through the three aryl rings.  The second group uses BODIPY or 
stilbenes dyes as signalling unit. These probes uses the 2-(2-
dimethylamino)phenylethanol sensing unit. In the presence of nerve agents, 
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these probes becomes phosphorylated at the ethanol residue. Concomitant 
with this reaction, an intramolecular cyclization carried by the dimethylamino 
group occurs changing the electronic properties of the system, and thus its 
absorption and emission spectrum. All the probes in the library demonstrated 
its performance sensing organophosphorous compounds in organic, aqueous 
solutions and gas phase. 
Chapter 5 describes the synthesis and evaluation of two colorimetric 
chemodosimeters for the detection of the blood agent HCN. These probes, 
initially colored, are p-quinomethane derivatives that react with CN- anion in a 
Michael’s addition reaction. That reaction forms an uncolored leucocyanide 
derivative. These chemosensors operate in aqueous solution, with detection 
limits between 165 - 300 ppb. Detection experiments in the gas phase has been 
performed exposing the immobilized probes to an HCN (g) contaminated 
atmosphere yielding positive results. With this simple procedure a detection 
limit of HCN(g) of 2 ppm can be reached. 
Chapter 6 describes the design, construction and evaluation of an electronic 
apparatus for the automatic monitoring of the optical state of 
chemosensors/chemodosimeters. The device is intended to work as a gas 
sensor. The apparatus, based in an Arduino board, uses open-source software 
and hardware. A pair of TCS230 based color sensors is continuously 
monitoring the color (as RGB values) of a reference and an immobilised 
chemical probe while the gas passes over it. The performance of the prototype 
has been demonstrated in the detection of HCN (g). 
	   	   Resum	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Resum 
 
A la present tesi doctoral, titulada “Disseny i síntesi de sensors òptics per a la 
detecció de molècules amb activitat biològica”, s’han utilitzat diferents 
conceptes de la química supramolecular per a preparar compostos capaços de 
senyalitzar macroscópicament la presència de molècules tòxiques o actives 
biològicament. Així, s’han preparat quimio-sensors i quimiodosímetres per a la 
detecció d’anions, sals, zwitterions i agents de guerra química tal i com agents 
nerviosos i agents sanguinis. Addicionalment, es descriu el disseny i la 
construcció d’un aparell electrònic per a la monitorització automàtica d’aquests 
compostos. 
La tesi té un capítol introductori on s'expliquen els conceptes bàsics de la 
química supramolecular i especialment, sensors moleculars i quimio-
dosímetres. 
El Capítol 2 descriu l’ús de derivats de calix[4]pirrol com a quimiosensors de 
tipus pinça per a la detecció de dianions de α,ω-dicarboxilats, i l’ús de 
calix[4]pirrols bloquetjats conformacionalment com a receptor per a anions 
sulfonat. 
El Capítol 3 descriu el disseny i síntesi d’ un quimio-sensor heteroditòpic per a 
la detecció i sensat de cations, anions, o parells iònics, així com espècies 
zwitteriòniques com aminoàcids. Aquest sensor heteroditòpic, que està basat a 
una estructura de BODIPY connectat a dos diferents receptors per cations i 
anions (una  18-azacorona-6 i un calix[4]pirrol respectivament) també és capaç 
de solubilitzar parells iònics i espècies zwitteriòniques en acetonitril. 
Addicionalment, aquest compost pot realitzar totes les operacions lògiques 
bàsiques quan s’utilitza K+ i F- com entrades, emetent fotons com a eixida. 
Al Capítol 4, es descriu una biblioteca de quimiodosímetres òptics per a la 
detecció selectiva d'agents nerviosos. La biblioteca té dos grups principals: 
indicadors cromogènics i indicadors fluorogènics. El primer grup està basat en 
derivats de triarilmetanol. L’ alcohol terciari d’ aquestos compostos reacciona 
amb els compostos organofosforats tòxics i després d’ una reacció de 
desfosforilació, l’ espècie catiònica resultant adquireix color mitjançant una 
deslocalització de la càrrega sobre els tres anells aromàtics. Per altra banda, els 
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indicadors fluoro-cromogènics estan basats en l'ús de fluoròfors de BODIPY o 
trans-estilbé com a unitats senyalitzadores i 2-(2-dimetilamino)feniletanol com 
a unitat sensora. Amb la presència d’agents nerviosos, aquests indicadors es 
fosforilen al residu d'etanol, que activa una ciclació intramolecular duta a terme 
pel grup dimetilamino. Aquesta ciclació canvia les propietats electròniques del 
sistema, canviant així el seu espectre d'absorció i emissió. Tots els indicadors 
d'aquesta biblioteca han demostrat la seua capacitat en la detecció de 
compostos organofosforats en dissolucions orgàniques, aquoses o a la fase gas. 
El Capítol 5 descriu la síntesi i avaluació de dos quimiodosímetres 
colorimètrics per a la detecció de l’agent sanguini HCN. Aquests indicadors 
estan basats en derivats altament colorejats de p-quinometà capaços de 
reaccionar amb l’anió CN- en una reacció d’ addició de Michael, produint un 
derivat de leucocianur no acolorit. Aquests quimiosensors operen en dissolució 
aquosa, amb límits de detecció entre 165 - 300 ppb. També s'han realitzat 
experiments de detecció a la fase gas mitjançant l'exposició dels indicadors a 
una atmosfera contaminada amb HCN (g), amb resultats positius. Amb aquest 
simple procediment s'han aconseguit límits de detecció de HCN (g) de 2 ppm. 
Finalment, al capítol 6 es descriu el disseny, construcció i avaluació d'un aparell 
electrònic per a la monitorització automàtica de l'estat òptic de quimio-sensors i 
quimiodosímetres. El dispositiu està pensat per a treballar com a sensor de 
gasos. L’aparell, basat en una placa d'Arduino, utilitza software i hardware de 
codi lliure. Un parell de sensors de color basats al xip TCS230 monitoritzen 
continuament el color (com a valors RGB) d’una referència i d’un indicador 
químic immobilitzat mentre que el gas passa sobre ell. La capacitat del prototip 
ha sigut demostrada a la detecció de HCN(g). 
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Chapter 1. Introduction 
1.1. Supramolecular Chemistry 
Back in 1894, nobel prize winner Hermann Emil Fischer suggested that the 
interactions between an enzyme and its substrate resembled that of a lock and 
its key.[1] These were the first steps in a field that would later evolve in to what 
we know nowadays as Supramolecular Chemistry. 
Supramolecular Chemistry is the branch of chemistry that studies the 
interactions and assembly between different discrete chemical components. 
The resulting entity, which Wolf named supramolecule (Übermoleküle)[2] in 
1937, may possess new properties that differ to those observed in the initial 
components. The strength of the interactions assembling the supramolecule 
may vary from weak (van der Waals 0.05-40, dipole-dipole 5 – 25 kJ·mol-1, 
hydrogen-bonding 10 – 200 kJ·mol-1, ion-dipole 50 – 500 kJ·mol-1, π-π 
interactions 50 – 500 kJ·mol-1, electrostatic 400 – 4000 kJ·mol-1) to strong, such as 
covalent bonding. 
As the supramolecular field grew, it covered and developed concepts such as 
molecular self-assembly, folding, recognition and host-guest chemistry, 
mechanically interlocked molecular architectures, dynamic covalent chemistry, 
biomimetics, imprinting and molecular machinery. 
Molecular self-assembly is defined as the process through which molecules 
arrange themselves in a specific geometry without the guidance of an external 
source, such as that which happens during crystal growth. 
Molecular folding: Weak interactions within a molecule can yield its folding 
and yield a three-dimensional structure, such as that which happens in 
polypeptides. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 K. L. Wolf, H. Frahm, H. Harms. Z Phys. Chem., 1937, 36, 237. 
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Molecular recognition and host-guest chemistry: The specific binding of a 
species (guest) to a complementary host molecule, using non-covalent 
interactions. This is the principle of molecular sensors.  
Mechanically interlocked molecular architectures: Molecules not chemically, 
but topologically, linked due to, and as a result of, their shape. Catenanes, 
rotaxanes, molecular knobs, ravels and borromean rings belong to this section.[3] 
Dynamic covalent chemistry  
Dynamic covalent chemistry aims to synthesise large molecules in a 
thermodynamically controlled reversible reaction. The desired product, often a 
specific sized macrocycle, is captured from the reaction mixture, and shifts the 
reaction equilibrium to the formation of that product.  
Biomimetics 
Many synthetic supramolecular systems are designed to copy functions of 
biological systems. These biomimetic architectures can be used to learn about 
the biological model and synthetic implementation. Examples include 
photoelectrochemical systems, catalytic systems, protein design and self-
replication. 
Imprinting 
The art of creating hosts using guests as a template is called imprinting. The 
template may be the desired guest or a very similar molecule. After the host is 
created, the template is removed to leave empty hosts. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 a) E. Coronado, P. Gaviña, S. Tatay. Chem. Soc. Rev., 2009, 38, 1674–1689; b) P. Gaviña, S. Tatay. Curr. Org. Syn., 2010, 
7, 24.  
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Molecular machinery 
Rotors, cages, traps and switches can be created on a nanoscale using 
Supramolecular Chemistry concepts. These machines perform mechanical 
operations that are of much interest in the nanotechnology field. 
Molecular recognition and Host-Guest chemistry 
The pioneers in this branch of Supramolecular Chemistry were Charles J. 
Pedersen, Donald J. Cram and Jean-Marie Lehn.  
The synthesis and evaluation of crown ethers, later expanded to cryptands and 
other polycyclic compounds, saw the beginning of molecular recognition and 
was worthy of a Nobel Prize in 1987 “for their development and use of molecules 
with structure-specific interactions of high selectivity”. [4,5,6,7] 
Since then, numerous molecular receptors capable of recognising specific 
targets have been developed. As the literature on this field has grown, the 
guidelines for designing a specific receptor have been consolidated. 
Thus, supramolecular chemists, who are willing to design a host with recepting 
capabilities for a determined guest, have to pay attention to some guest 
characteristics, such as geometry, size, charge, hydrophobicity and the 
hydrogen bond donor/acceptors present in the molecule. Furthermore, the 
possibility of forming π-stacking or charge transfer complexes has to be 
considered. 
By matching these characteristics in the receptor, complementarity between 
host and guest is achieved, thus a high stability supramolecule is formed. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 C. J. Pedersen. J. Am. Chem. Soc., 1967, 89, 7017. 
5 Multiheteromacrocycles that Complex Metal Ions. Second Progress Report, D. J. Cram. (UCLA, 1 May 1975 - 30 April 
1976). 
6 J. M. Lehn, Pure & Appi. Chem., 1977, 49, 857. 
7 Nobel Laureates in Chemistry 1901. K. L. James (1994, Washington DC: American Chemical Society and Chemical 
Heritage Foundation) 146.  
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1.2. Molecular sensors 
One of the most important applications of molecular recognition is the 
development of molecular sensors. A molecular sensor is a host molecule or 
group of molecules designed for the purpose of macroscopically indicating the 
presence of a determined guest. 
The recognition event between a molecular sensor and its complementary 
guest cannot be detected if no measurable property changes upon 
supramolecule formation.  
Thus besides the binding site, molecular sensors are equipped with a 
transducer, and a signalling unit that is in charge of performing 
macroscopically measurable signals when the guest binds to the binding site. 
The transducer makes full use of any change or modification occurring at the 
receptor to trigger the macroscopic signal. 
The most widely used transducers rely on colour and or fluorescence changes 
or redox properties. If the molecular sensor uses a redox transducer, they are 
called electrochemical molecular sensors. Sensors are equipped with a 
chromophore or fluorophore as a transducer, and they are known as 
chromogenic or fluorogenic molecular sensors, respectively. Chromogenic and 
fluorogenic molecular sensors are also known as optical sensors, and are the 
main topic of this thesis. 
Sensing approaches 
Regardless of the binding site design, there are three well-established sensing 
approaches: host-guest approach, displacement approach and chemodosimeter 
approach (see Figure 1.1). 
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Figure 1.1 Representative scheme of the three main sensing approaches used to design 
molecular sensors: a) Host-guest approach, b) Displacement approach, and c) 
Chemodosimeter approach. 
Host-guest approach, binary systems: The host is a previously designed 
molecule that integrates both the transducer and the binding site. In the 
presence of the guest, it binds to the host complementary site and makes a 
change in the binding site properties that are detected by the transducer to 
consecutively make a change in macroscopic properties. 
Displacement approach, ternary systems: The molecular sensor is a complex 
of two discrete species: one is the binding site and the other is the transducer. 
The transducer is chosen in such a way that it has a small affinity for the 
binding site. So in a first stage, the transducer is linked to the binding site. In 
the presence of the guest, which has more affinity for the binding site than the 
transducer has, the host releases the transducer and binds to the guest. The 
transducer macroscopic properties change upon being released to, thus, 
indicate the detection event.  
Chemodosimeter approach: Similarly to the host-guest approach, both the 
binding site and the transducer are moieties of the same molecule. The 
difference lies in the guest, which irreversibly binds to the host through a 
chemical reaction. Thus new covalent bonds are formed in this approach. The 
transducer typically remains as a part of the resulting molecule, although there 
Guest
a)
b)
c)
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are some examples in which it is ejected from the molecule after the detection 
reaction. 
Electromagnetic spectrum, brief introduction. 
Electromagnetic radiation, a fundamental phenomenon of electromagnetism, 
is radiation that propagates linearly through space. 
The carrier for electromagnetic radiation is the photon, an elemental particle 
with a zero invariant mass that propagates through a vacuum at a speed close 
to 300 000 km·s-1. The photon can behave like a wave and a particle, as stated 
by the wave-particle duality theory.  
The electromagnetic spectrum comprises all the frequencies that the 
electromagnetic radiation range comprises. For practical engineering purposes, 
the electromagnetic spectrum has been divided into eight regions, arranged 
from the lowest to highest frequency: radio waves, microwave radiation, 
terahertz radiation, infrared radiation, visible radiation, ultraviolet radiation, 
X-ray radiation and Gamma radiation (see Figure 1.2).  
Among these ranges, visible radiation is responsible for what is known as 
colour. Colour is a visual perception of the light captured by eyes and 
generated in the brain. Colour is perceived by the cone receptors situated 
inside the eyes of animals, but not all animals see the same colours of visible 
radiation. 
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Figure 1.2. Diagram of the electromagnetic spectrum showing some uses and range names 
across the ranges of frequency and wavelengths 
For instance, the human eye has four types of photoreceptors called cone cells 
(S, M and L) and rods. Cones, situated in the Fovea centralis, work better under 
photopic conditions (bright light conditions). They are responsible for colour 
perception. Cone type S (S from short) is more sensitive to a short colour 
wavelength, peaks at 450 nm, and is responsible for what is perceived as blue. 
Cones type M and L (medium and large) peak at maximum sensitivity at 540 
nm and 570 nm, respectively, and are responsible for what is perceived as 
green and greenish yellow (see Figure 1.3). Cones have weak sensitivity under 
dim light conditions. 
Under these conditions, rod cells play an important role since they have greater 
sensitivities and are responsible for scotopic vision (vision under low light 
conditions). As rods only have one type of photosensitive pigment, they confer 
only achromatic vision. 
 
ENERGY
106 107 108 109 1010 1011 1012 1013 1014 1015 1016 10171 1018 1019
1000 m
100 m
10 m 1 m 10 cm
10 mm
1 mm
100 μm
10 μm
1 μm
100 nm
10 nm
1 nm 1 Å 0.1 Å
Long-waves
Radio, TV
M
icrowaves
Therm
al IR
Infra-red
Visible
Ultraviolet
X-rays
Gam
m
a-raysAM
Radar
Far IR
Near IR
Frequency (Hz)
Wavelength
700 nm 600 nm 500 nm 400 nm
1000 MHz500 MHz100 MHz50 MHz
VHF
(7-13)
VHF
(2-6)
FM UHF
Chapter	  1	  
 
 27 
 
Figure 1.3. The normalised (left) and absolute (right) visible absorption spectra of the blue, 
green and red cones. 
Humans have very weak sensitivity for NIR radiation, which can still be 
observed if visible light is filtered out. People suffering from aphakia (absence 
of an eye lens) are reported to be able to see UV light within the 300 - 400 nm 
range. Some animals can see part of UV and NIR radiation. For instance, some 
insects perceive UV light, which is why they feel attracted to fluorescent light 
tubes, while some reptiles like snakes can see NIR light and perceive thermal 
infrared.[8] 
 
In order to observe a colour, a light source is needed. In daylight vision, the 
light source is sun, whose continuous spectrum (except for Franhoufer lines[9]) 
is close to black body radiation with a temperature of 5,800 K, and is 
considered white light. Nearly 43% of the sun’s electromagnetic radiation 
arriving to the Earth is visible light.  
 
When light interacts with matter, part of it is absorbed and the rest is re-
emitted in all directions. The colour that the human eye perceives is the result 
of non-absorbed light interacting with the eye. The colour absorbed by matter 
is then said to be the complementary colour to that observed. Colour wheels, 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 Seeing Colour. ASU - Ask A Biologist K. Cooper, C. J. Kazilek. (2009, http://askabiologist.asu.edu/colours-they-see). 
9 J. Fraunhofer. Denkschriften der Königlichen Akademie der Wissenschaften zu München, 1814, 5, 193. 
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that is, the illustrative organisation of colour hues shown in a circle, serve to 
rapidly find complementary colours, among other uses (see Figure 1.4) 
 
Figure 1.4. Colour wheel showing primary and complementary colors and the wavelength 
ranges. 
Chromophores and their principles  
A chromophore is a molecule, or part of a molecule, that absorbs certain 
wavelengths of visible light. The energy gap between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) in a chromophore falls within the visible spectrum of light. Thus 
photons of these wavelengths can be absorbed by the molecule to promote an 
electron from its ground state into an excited state. 
 
Absorption is normally produced from the ground level (S0) to any of the 
vibronic states of the first unoccupied energy levels (S1, S2, Sn, etc.). The level 
where the electron is promoted is dependent on the energy of the absorbed 
photon. The excited electron will later return to the ground level via vibrational 
relaxation and/or internal conversion on the picoseconds time scale. As noted 
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at the top of Figure 1.5, the S2 ?S0 transitions are more energetic than S1 ? S0. 
Hence they appear as the shorter wavelengths in the UV-vis spectrum in 
Figure 1.5 (bottom). 
 
Figure 1.5. Top: Schematic representation of dye energy levels and their absorptions from 
the ground state to excited molecular orbitals S1 and S2. Bottom: Representation of the 
absorption spectrum produced by these electron promotions. 
The resulting observed colour of the chromophore will be complementary to 
that corresponding to the absorbed photon wavelength. 
For instance, cyanine dye Cy3 has a maximum absorption wavelength (?abs) of 
550 nm (see Chart 1.1). As observed in Figure 1.4, that wavelength corresponds 
to green, whose complementary colour is pinkish red, the colour of Cy3 
solutions.  
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Chart 1.1. Molecular structures for cyanine Cy3 and triarylmethane CV. 
Another good example is crystal violet (CV) dye (see Chart 1.1). In water, this 
dye has a ?abs = 590 nm, which means that it absorbs mainly yellow-orange 
light. As a result of substracting yellow-orange photons from white light, the 
resulting complementary colour of CV is deep blue. 
The absorption spectrum of chromophores is highly related to the extension, 
dipolar moment and electron richness of their conjugated π-system. The 
HOMO-LUMO energy gap of π-systems lies in the UV-vis region of the 
electromagnetic spectrum. 
Chromophores with electron-rich π-systems will have higher HOMO and 
lower LUMO energies than electron-poor π systems. In other words, the 
HOMO-LUMO energy gap will be smaller for electron-rich chromophores. 
Thus the absorption maxima will appear at longer wavelengths if compared 
with electron-poor chromophores. 
The magnitude of these shifts depends on the length of the π-system and its 
substituents, and can be roughly predicted by using Woodward-Fieser rules.[10] 
However, if a methyl (-CH3) group is introduced at that position, it would shift 
the maximum absorption wavelength by only 10 nm.  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10  R. B. Woodward. J. Am. Chem. Soc., 1941, 63, 1123.  
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Intramolecular	  charge	  transfer,	  push-­‐pull	  and	  solvatochromism.	  
The chromophores containing both electron donor (D) and acceptor (A) 
moieties bridged by a conjugated ? system are often called push-pull 
cromophores. This particular configuration gives rise to easily accessible 
electronic states through an internal charge transfer (ICT) process from D?A. 
The polarisation of those molecules with a higher dipolar moment in the 
ground state usually reduces upon excitation. Examples of such behaviour are 
Brooker’s dye[11] and Reichardt’s dye (see Chart 1.2): 
  
Chart 1.2. Molecular structures of the solvatochromic Brooker’s and Reichardt’s dyes. 
Push-pull dyes with a lower dipolar moment in the ground state are taken to 
higher dipolar moments in the excited state. Examples of these compounds are 
1-(N,N-dimethylamino)-4’-cyanostilbene (1.1)[12] and 1.2[13] (see Chart 1.3.) 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
11 L. G. S. Brooker, A. C. Craig, D. W. Heseltine, P. W. Jenkins, L. L. Lincoln. J. Am. Chem. Soc., 1965, 87, 2443.  
12 S. Arzhantsev, K. A. Zachariasse, M. Maroncelli. J. Phys. Chem. A., 2006, 110, 3454.  
13 J. Widengren, C. A. M. Seidel. Phys. Chem. Chem. Phys., 2000, 2, 3435. 
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Chart 1.3. Molecular structures for stilbene dyes 1.1 and 1.2. 
Such electronic transitions rely on the visible spectrum and give rise to a huge 
family of chromophores. 
The excited state of the first class of push-pull chromophores is better 
estabilised in non-polar solvents than in polar ones. Thus these states require 
the stabilisation of lower energies. 
The change in state energies due to solvent polarity, and consequently a change 
in colour, is defined as solvatochromism. Brooker’s and Reichardt’s dyes show 
a negative solvatochromism; that is, hypsochromic shifts with increasing 
solvent polarity. 1.1 and 1.2 show positive solvatochromism. 
Triarylmethane	  dyes	  
Triarylmethane dyes form a huge and very important family of commercial 
dyes (see Chart 1.4). These dyes are among the first dyes to be synthesised[14] 
and are still applied in many fields. These chromophores are well-known for 
their outstanding absorptions and colour intensities.  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
14 Rod & Chemistry Of Carbon Compounds. A Modern Comprehensive Treatise. Aromantic Compounds. S. Coffey, 
Ed. (2nd ed. Elsevier, NewYork, 1974) S. H. Harper, 1974, 21, Vol 3 Part F, 107,129, 131. 
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Chart 1.4. Structures and the traditional names for some important triarylmethane dyes. 
Triarylmethane dyes have been extensively used in biological and medical 
sciences as they present antibacterial properties.[15,16] They have also been used 
to assay proteins. 
Some triarylmethane dyes are capable of binding some metals, so these 
colourants have found their way in analytical techniques; e.g., spectroscopy 
detection of Al3+ [17] or Sn4+.[18] These dyes have also found their way in various 
industries, including photographic,[19] food,[20] cosmetics,[21] etc.  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15 S. Green, V. Longmire, L. L. Barton, Microbiol. Lett., 1979, 11, 111. 
16 R. J. Goldacre, J. N. Phillips. J. Chem. Soc., 1949, 3, 1724. 
17 H. Nishida, T. Taeko, Bunseki Kagaku, 1977, 26(9), 645; Chem. Abstr., 1978, 88, 163271. 
18 R. M. Dagnall, T. S. West, P. Young. Analyst, 1967, 92, 27. 
19 N. J. Ohta. Imaging Sci., 1986, 30, 9. 
20 M. L. Richardson, A. Waggott. Ecotoxicol. Environ. Saf., 1981, 5, 424. 
21 Colour Index; The Society of Dyers end Colourists. (3rd ed., Bradford, U.K., 1971-1982), Vol 2, 1971, 2785. 
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The molecular structure of triarylmethane dyes consists in three aryl rings 
attached to an sp2-hybridised central carbon atom. This allows electronic 
conjugation through the whole aromatic system. Even if rings are in a 
propeller-type arrangement,[22] the molecule is nearly planar. 
Consequently, two main absorptions bands (x and y) are present in the 
electronic spectrum of these species, which are related to the two perpendicular 
x and y directions in the molecule. 
The more pronounced the separation of the maxima of the x and y bands 
becomes, the greater asymmetry is.[ 23 ] For the x and the y bands to be 
distinguishable, the symmetry of the molecule has to differ from a D3 
symmetry. That is, at least a C2 symmetry where R1 = R2 ? R3. This condition is 
fulfilled by the good examples of basic green 4 (R1 = R2 = -NMe2, R3 = -H), but 
not by basic violet 3 (R1 = R2 = R3 = -NMe2) (see Scheme 1.1). 
The maxima of the x and y bands of basic violet 3 coincide at ?max= 589 nm, 
and the x and y bands of basic green 4 are separated by 194 nm (?max= 621 and 
427 nm, respectively). 
In certain solvents, a pronounced splitting of the x and y bands occurs for some 
symmetric dyes, which is the case of basic violet 3. These new bands are 
named ? and ? bands. 
 
Scheme 1.1. Polarisation of several transitions in triphenylmethane dyes. The scheme  
shows transitions for basic green 4 and basic violet 3 by assuming C2 and D3 symmetry, 
respectively. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
22 D. F. Duxbury, Chem. Rev., 1993, 93, 381.  
23 G. N. Lewis, J. Bigeleisen. J. Am. Chem. Soc., 1943, 65, 2102. 
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The transition responsible for the x-band is confined to the central carbon atom. 
The two phenyl rings bearing groups R1 and R2 correspond to the promotion of 
an electron from the non-bonding molecular orbital to the lowest antibonding 
orbital to produce an excited state with high electron density on the central 
carbon atom.[24] 
The migration of the electrons from the phenyl ring bearing R3 to the rest of the 
system is responsible for the y-band, which corresponds to the excitation of an 
electron from the second highest occupied bonding orbital to the lowest vacant 
orbital.[25] 
Dye aggregation is a well-established phenomenon and many other studies 
have been performed on triphenylmethane dye aggregates.[26] The ?-band has 
been attributed to the monomeric dye, while the ?- band is attributed to the 
dimer. Some other forms, like higher polymeric forms of the dye, generate 
additional bands, namely ? and ?- bands. 
There are several ways of synthesising triarylmethane, but among the vast 
amount of protocols, those involving organometallic reagents are very 
interesting since they allow the synthesis of a wide variety of dyes from 
broadly available aromatic ketones.  
 
Scheme 1.2. General synthesis of basic Green 4 and basic Violet 3 by organometallic 
procedures 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
24 Theory Of The Electronic Spectra Of Organic Molecules. J. N. Murrel. (John Wiley and Sons Inc., London, 1963) 210. 
25 Colour And Constitution Of Organic Molecules. J. Griffiths. (Academic Press: London, 1976), 252. 
26 F. T. Clark, H. G. Drickamer. J. Chem. Phys., 1984, 81, 1024. 
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Examples include the synthesis of, once again, basic green 4, or of basic violet 
using the same bromo derivative and different benzophenones. 
 
The pH dependence of triarylmethanes has been a matter dealt with in 
numerous studies (see reference [27] for some examples, and review [22] has 
several more on page 387). It is obvious that dyes with pH active sites will 
respond in some way to pH changes. Basic green 4 is protonated in the free 
dimethylamino group if pH goes below 0.2, and results in a yellow colour after 
cancelling CT from one dimethylamino group to another. However, as 
triarylmethanes are electron-deficient, they can undergo nucleophilic reactions: 
in very basic media, hydroxyl anions attack the central carbon atom and take it 
to sp3 hybridisation by cutting off any conjugation between rings to produce 
what is known as a leuco (leukos, white) form. Macroscopically, this is translated 
into colour bleaching. 
The triarylmethane dyes bearing carboxylic groups at the orto position of one 
phenyl group, or more, can also undergo colour bleaching at mild pH values 
after the lactonisation of the carboxylic group with the central carbon atom. 
One good example is phenolphthalein (HIn), which it is shown in Figure 1.6. 
  
Figure 1.6. Different molecular forms of phenolphthalein (HIn) dye various pH values. The 
colour of the molecular structure represents the colour of a water solution with 1% 
ethanolic solution of HIn. Note how leuco isomers H2In and In(OH)3- lack visible colour 
absorption due to the sp3 hybridisation of the central carbon atom. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
27 a) W. G. Baldwin, D. R. Stranka. Aust. J. Chem., 1968, 21, 603; b) E. G. Bol'shakova, K. I. Gurév, R. K. Chernova. J. Gen. 
Chem. U.S.S.R., 1975, 45, 163; c) R. K. Chernova, L. N. Kharlamova, K. I. Gurév, I. S. Sergeeva. J. Anal. Chem. U.S.S.R., 
1975, 30, 898. 
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At a very acid pH, all the pH active groups are protonated, and the positive 
dye charge occurs mainly over the central carbon atom. This yields an orange 
solution in water. After slightly increasing pH (0-8.2), the carboxylic group 
deprotonates and lactonises by attacking the central carbon atom to neutralise 
the positive charge. This yields a leuco dye since the chromophore reduces to 
isolated phenyl rings. By further increasing pH (8.2 - 12.0), both hydroxyl 
groups are deprotonated which, in turn, destabilises the lactone and forces the 
ring to open. This produces a CT from one hydroxyl group to the 
pseudoquinone to yield the pinkish characteristic colour of HIn. 
At higher pH values (> 12.0), hydroxyl groups nucleophilically attack the 
central carbon atom, which cuts back the conjugation and produces the leuco 
form once again. 
Stilbene	  dyes	  
Stilbene is the name given to the molecular compounds based on 1,2-
diarylethene cores. As a 1,2-substituted double bond, stilbenes have two 
possible isomers: E and Z (or trans and cis, respectively) stilbenes (see Scheme 
1.3). 
(Z)-Stilbene possesses a high degree of sterical hindrance when compared to 
(E)-stilbene. Hence, their physical properties significantly differ.  
 
 
Scheme 1.3. Structures of (Z)-stilbene and (E)-stilbene, the simplest of diarylethenes, and 
their photochemical isomerisation reaction 
Stilbene systems react in the presence of light as their electronic and geometric 
structures undergo change. This process, which involves the torsion around the 
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central C=C bond, isomerises (E)-stilbenes into (Z)-stilbenes, and can be 
reverted by heat or light at other frequencies. This photochromism 
phenomenon is named trans-cis photoisomerisation and effectively competes 
with fluorescence emission. The chemistry and photochemistry of stilbenes has 
been exhaustively studied.[28] 
Photoisomerisation is crucial for us to understand our own view of the world 
as this phenomenon is a key step in the visual process. This is why the 
photoreactivity of stilbenes serves as a model compound of biological 
phototropic systems.  
Stilbene compounds have many uses. Researchers have employed them as a 
basis for molecular sensors. For instance, bis(benzoxazolyl)stilbene (BBS) has 
been used as a molecular probe for poly(propylene) films deformation[29] via 
the breakup of aggregates after film stretching. Stilbene vinyl sulphonamides 
(see Chart 1.5) have been used as fluorescent sensors for Transthyretin[30] 
through a chemical reaction of the vinyl moiety with the Lys-15 ϵ-amino group 
of Transthyretin. 
 
Chart 1.5. Structures of different stilbene-based molecular sensors. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
28 a) A. A. Kubicki. Chem. Phys. Lett., 2008, 457, 246; b) A. A. Kubicki. Chem. Phys. Lett., 2007, 439, 243; c) H. Braatz, S. 
Hecht, H. Seifert, S. Helm, J. Bending, W. Rettig. J. Photochem. Photobiol. A, 1999, 123, 99. 
29 A. Pucci, M. Bertoldo, S. Bronco. Macromol. Rapid Commun., 2005, 26, 1043. 
30 E. H. Suh, Y. Liu, S. Connelly, J. C. Genereux, I. A. Wilson, J. W. Kelly. J. Am. Chem. Soc. 2013, 135, 17869. 
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Stilbenes have also been widely used as laser dyes,[31] industrial dyes,[32] optical 
brighteners[33] (see Chart 1.6), and more recently for optical data storage[34] (see 
Scheme 1.4). 
 
Chart 1.6. Molecular structures of laser dye Stilbene 420, the widely used Tinopal LPW 
brightener, and other industrial stilbene and azo dyes. 
 
Scheme 1.4. Stilbene [2+2] photocycloadition under hv light has been used for molecular 
optical memory devices 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
31 H. Telle, U. Brinkmann, R. Raue. Optics Commun., 1978, 24, 248. 
32 Industrial Dyes: Chemistry, Properties, Applications  K. Hunger, Ed. (Wiley-VCH, Weinheim, 2004). 
33 Laundry Detergents. Ullmann’s Encyclopedia of Industrial Chemistry. E. Smulders, W. Rybinski, E. Sung, W. Rähse, J. 
Steber, F. Wiebel, A. Nordskog. (Wiley-VCH, Weinheim, 2002). 
34 a) A. Papagni, P. Del Buttero, C. Bertarelli, L. Miozzo, M. Moret, M. T. Prycee, S. Rizzato. New J. Chem. 2010, 34, 2612; 
b) M. Irie. Chem. Rev., 2000, 100, 1685.  
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Many methods have been used in stilbene synthesis. The literature compiles 
procedures using aldol-type condensation, such as:[ 35 ] Siegrist method,[ 36 ] 
Wittig-Horner reaction,[ 37 ] Mizoroki-Heck reaction,[ 38 ] Negishi–Stille 
reactions,[39] McMurry reaction[40] and Perkin reaction.[41] 
Special attention has to be paid to the Wittig-Horner reaction. It requires an 
aldehyde or ketone and a triphenylphosphonium ylide. This reaction produces 
an alquene and triphenylphosphine oxide. 
The Wittig reaction has proven quite versatile in the preparation of different 
substituted stilbenes.[42] With it, simpler experimental procedures are allowed 
since it is not sensitive to atmospheric oxygen. 
The Horner–Wadsworth–Emmons reaction variant selectively produces E-
alkenes and employs stabilised phosphonate carbanions with aldehydes (or 
ketones).[43] One example of this reaction is seen in Scheme 1.5. 
 
Scheme 1.5. The Wittig-Horner–Wadsworth–Emmons reaction between a diethylphospho-
nate and an aldehyde that yields an (E)-isomer. 
Push-pull stilbene dyes can be easily synthesised by using building blocks with 
different electron donor properties. For instance, a high absorbing 
chromophore can be synthesised by a Wittig reaction using the donor 
dimethylaminobenzaldehyde and the electron acceptor methyl(4-
nitrobenzyl)diphenylphosphonium bromide. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
35 R. Ketcham, L. Martinelly. J. Org. Chem., 1962, 27, 466. 
36 H. Kretzcshmann, H. Meier. Tetrahedron Lett., 1991, 32, 5059. 
37 S. Y. Han, H. S. Lee, D. H. Choi, D. M. Yang, J. Jun. Synthetic Commun., 2009, 39, 1425.  
38 M. Guiso, C. Marra and A. Farina. Tetrahedron Lett., 2002, 43, 597. 
39 G. P. Roth V. Farina, Tetrahedron Lett., 1995, 36, 2191.  
40 M. K. J. Ter. Wiel, J. Vicario, S. G. Davey, A. Meetsma, B. L. Feringa. Org. Biomol. Chem., 2005, 3, 28. 
41 A. K. Sinha, V. Kumar, A. Sharma, A. Sharma, R. Kumar, Tetrahedron, 2007, 63, 11070. 
42 a) A. Ianni, S. R. Waldvogel. Synthesis, 2006, 13, 2103; b) Comprehensive Organic Synthesis S. E. Kelly, 1991, 1, 729. 
43 W. S. Jr. Wadsworth, W. D. Emmons. J. Am. Chem. Soc., 1961, 83, 1733. 
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Scheme 1.6. Synthesis of a push-pull stilbene dye by the Wittig-Horner reaction. 
The reaction yields a stilbene with an electron donor and an electron acceptor 
on the opposite sides of the molecule, and provides the necessary 
characteristics for this type of compounds.  
Fluorophores and their principles  
To date, all previously described species returned to their ground state through 
non-radiative paths (e.g., vibrational relaxation or internal conversion). On 
these paths, the energy of the molecule is transferred to the medium as kinetic 
energy. 
Depending on the arrangement of the molecular orbitals, other possibilities of 
relaxation arise, which are the so-called radiative paths. The molecules 
returning to the ground state via radiative paths release their energy by the 
emission of a photon. Fluorescence and phosphorescence are two possible 
relaxation radiative paths.  
Fluorescence is most likely to occur between the first excited molecular orbital 
and the ground level. The energy of the emitted photon is the energy difference 
between states of transition, but is normally lower than the energy of excitation 
photons (after absorption, part of that energy is dissipated via non-radiative 
paths). Consequently, the emitted photon oscillates at lower frequencies than 
the absorbed photon, and the emission spectrum of fluorophores is always 
redshifted if compared with the absorption spectrum. Fluorescence is a 
transition allowed by the selection rules, and it is still a slow process that 
ranges between 1 and 100 nanoseconds. Therefore, other faster non-radiative 
processes can compete with fluorescence.  
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Figure 1.7. Jablonski diagram of the electronic states of a given system, and some of the 
possible deactivation pathways after excitation. 
Phosphorescence is a relaxation radiative path. In order to access a 
phosphorescence relaxation path, the excited state has to undergo intersystem 
crossing, which is the transition from a singlet state to a triplet state. This 
transition is forbidden by the selection rule, but it becomes temporally 
accessible due to vibrational factors, and the electron can reach this state. From 
here, the molecule can deactivate through very slow, and also forbidden, 
phosphorescence emission. The phosphorescence timescale lies between 0.1 
and 100 microseconds.  
Quantum	  yield	  
 
The efficiency of the fluorescence process is given by quantum yield (? f). This 
value, which ranges from 0 to 1, is the ratio of the number of emitted photons 
to the number of absorbed photons: 
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Fluorescence quantum yields are measured by a comparison with a known 
standard fluorescent compound. 
Photoinduced	  electron	  transfer	  (PET)	  
Fluorescence can be quenched by several processes. One of them, possibly the 
most exhaustively studied, is the process known as photoinduced electron 
transfer (PET). 
 
The energy level of a populated orbital from another part of the molecule, that 
is not necessarily electronically conjugated, may lie somewhere between that of 
the HOMO and LUMO of the fluorophore. This orbital can non-radiatively 
transfer one of its electrons to the HOMO of the fluorophore immediately after 
one electron in the HOMO is promoted to the excited level. At that point, the 
excited electron has no possibility of returning to the HOMO, so it moves to 
that step orbital (see Scheme 1.7). 
 
Scheme 1.7. Schematic diagram of the electronic transitions in a PET process: (I) an electron 
becomes promoted to a singlet excited state after the absorption of a quantum of light. (II) 
An electron from a donor orbital is transferred to the vacant ground state. (III) The 
previously excited electron relaxes to the donor orbital, thus returning to the initial state. 
The result of this is, after excitation, the fluorophore returns to its ground state 
without emitting any photon. Macroscopically speaking, this translates into a 
decrease in or the complete extinction of fluorescence emission. As a rule of 
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thumb, it can be stated that the PET occurs if the oxidation potential of the 
receptor is smaller in magnitude than that of the fluorophore. 
This phenomenon can also occur with an empty step orbital. The next scheme 
shows some examples of molecules that relax to the ground state through PET 
processes: 
 
Chart 1.7. Molecular compounds undergoing the PET fluorescence quenching process. The 
donor groups involved in the PET process are marked in red, and fluorophores are the blue 
moieties. 
The populated step orbitals responsible for PET processes are usually the 
contribution of donor moieties. The most recurrent donors are amino or alcoxy 
groups.  
Let’s take, for instance, compound 1.3 in the analysis. The anthracene 
fluorophore displays an excited state of 3.0 eV, and its reduction potential is -
2.0 eV.[44] We can simplify the other part of the molecule to a triethylamine. 
Triethylamine has an oxidation potential of +1.0 eV. So the approximate ?G 
for the PET is 0.0 eV. This gives a sufficiently fast PET rate to overcome 
fluorescence emission (kPET?kFlu). 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
44 Handbook of photochemistry. M. Montalti, A. Credi, L. Prodi, M. T. Gandolfi, (3rd ed. CRC Press, Boca Raton, 2006). 
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Figure 1.8. Schematic diagram of the energy levels of a given molecule susceptible to 
undergoing a PET process prior to (a) and after (b) the protonation of its diethylamino 
donor moiety. 
Compounds 1.3 and 1.4[ 45 ] in Chart 1.7 have antracene and naphthalene 
fluorophores. The fluorescence emission of these fluorophores is totally 
quenched by the free electron pair of the amino groups.  
One very positive aspect of PET processes in the molecular sensors design is 
that PET processes can be externally controlled, thus fluorophores emission can 
be “turned on” or “off” in certain circumstances. 
PET processes can be reverted by “employing” the corresponding lonely 
electron pairs in bond formation. For instance, if the amine group responsible 
for the PET process in compound 1.3 is protonated, the oxidation potential of 
the HOMO step orbital arises to a magnitude that does not fulfil the thumb 
rule. Hence electrons are not transferred between orbitals. Figure 1.8.b depicts 
the situation that can cancel the PET process for Compound 1.3. 
Concomitantly with the cancellation of the PET process, emission fluorescence 
is restored. This is the most basic fluorescent signalling process for a proton 
detection event. The design of fluorescent sensors selective to more 
complicated species often needs no more synthetic efforts, but a good sensing 
strategy. For instance, compound 1.4[46] is designed in such a way that it 
strongly complexes nucleotides. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
45 R. A. Bissell, A. P. de Silva, H. Q. N. Gunaratne, P. L. M. Lynch, G. E. M. Maguire, K. R. A. S. Sandanayake, Chem. 
Soc. Rev., 1992, 21, 187. 
46 M. Dhaenens, J. M. Lehn, J. P. Vigneron. J. Chem. Soc., Perkin Trans., 1993, 2, 1379. 
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Complexation is stabilised by the multiple hydrogen bonding and π-stacking of 
the nucleotide between naphthalene rings. 
Another example is compound 1.5 (see Figure 1.8). The fluoride anion, which 
has a huge affinity for a silicon atom, attacks the silicon-based protecting group 
in a nucleophilic substitution reaction (SN2) to yield an unprotected alcoxy 
group.[47] 
Compound 1.5 (see Scheme 1.8) also presents fluoresecence emission in its 
neutral state. In its anionic form however, the negative charge over the oxygen 
atom deactivates fluorescence via a PET process. 
 
Scheme 1.8. Schematic representation of the PET that involves the molecular orbital 
energies of compound 1.5 prior to and after the reaction with the fluoride anion. 
After this reaction, the orbital energies related to the alcoxy moiety change in 
such a way that the oxidation potential of the alcoxy group is lower in 
magnitude than that of the fluorophore.  
After this orbital rearrangement, the PET process is restored and fluorescence is 
quenched. Although this is no formal sensor, but a chemodosimeter, it clearly 
exemplifies how the PET can be used to signal different detection events. For a 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
47 A. Bamesberger C. Schwartz, Q. Song, W. Han, Z. Wang, H. New J. Chem., 2014, 38, 884. 
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more detailed discussion and treatment of PET processes, readers are referred 
to reference [48]. 
Intramolecular	  charge	  transfer	  (ICT)	  
The intramolecular charge transfer (ICT) is, in principle, another electron 
transfer process. Its main difference compared with the PET process lies in ICT 
happening in the same electronic system, or in systems with a high level of 
electronic conjugation. 
ICT is commonly observed when the fluorophore is connected to both electron-
donating and electron-withdrawing groups. If both groups are arranged in a 
specific geometry across the fluorophore (e.g., opposite sides), the molecule has 
a high level of electronic polarisation. 
In the excited state, the donor and acceptor groups acquire a stronger donor 
and acceptor character, respectively, and create a species with a longer dipolar 
moment. Consequently, polar solvents are rearranged around the excited 
molecule, and then stabilise the dipole and facilitate deactivation of the excited 
state in this way. 
In excited states, ICT normally diminishes fluorescence emission intensity, just 
as the PET does, but with one major difference; the emission spectrum is 
redshifted since the relaxation path has a smaller energy gap than that of 
excitation. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
48 a) Photoinduced electron transfer. M. A. Fox and M. Chanon, eds. (1988, Elsevier, Amsterdam); b) Fundamentals of 
photoinduced electron transfer. G. J. Kavarnos, (1993, VCH, Weinheim, New York); c) Electron Transfer. V. Balzani, ed. 
(2003, Wiley-VCH, Weinheim). 
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Scheme 1.9. Jablonski diagram of the electronic transitions during the excitation of a 
molecule and a posterior internal charge transfer 
One of the aspects that needs to be considered when designing a fluorescent 
probe with ICT is that the receptor subunit has to be related more to the donor 
or to the acceptor moieties of the fluorophore. Thus its photophysical 
properties, and hence its macroscopic behaviour, change with any interaction 
of one of these moieties. 
For instance, let’s consider compound 1.6, which was prepared as a 
chemosensor selective towards the CN- anion.[49] It consists in a 4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene (BODIPY) fluorophore, which has an acceptor 
character attached to an acceptor receptor (shown in blue).  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
49 Z. Ekmekci, M. D. Yilmaz, E. U. Akkaya. Org. Lett., 2008, 10, 461. 
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Scheme 1.10. A reversible detection reaction of CN- by compound 1.6 and illustrative 
HOMO and LUMO orbital energies. The chromophore system is shown in blue. 
As both moieties have an acceptor character, no ICT is present; thus 
fluorescence is ? f=0.27. In the presence of cyanide anions, CN- attacks the 
amide’s carbonyl group by anhihilating its acceptor character. Indeed, the 
formed species becomes an electron donor and establishes an ICT, which 
quenches fluorescence up to a quantum yield of ? f=0.01, along with a redshift 
of the absorption and emission maxima. Apparently, the resulting 1.6-CN- 
complex ?-system has a higher electron density that stabilises the excited state 
and destabilises the ground state, which narrows the HOMO–LUMO gap. 
The opposite case is that of compound 1.7.[50] A closer look reveals that the 
acceptor BODIPY fluorophore is connected to a vinyl aniline derivative, which 
has a donor character. Thus, the expected ICT is confirmed by its low quantum 
yield in acetonitrile (? f = 0.08). 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
50 W. Qin, M. Baruah, M. Sliwa, M. Van der Auweraer, W. M. De Borggraeve, D. Beljonne, B. Van Averbeke, N. Boens. 
J. Phys. Chem. A, 2008, 112, 6104. 
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Figure 1.9. Molecular structure of compound 1.7. 
In the presence of different cations, these are complexed by the azacrown 
moiety. The interaction with cations with nitrogen atoms reduces its donor 
character and, hence, the ICT. The ground state is stabilised, while the excited 
state becomes desestabilised, which widens the HOMO-LUMO gap, and shifts 
absorption and emission towards blue. Quantum yield also increases to 0.80 
with, for instance, Mg2+. 
Förster	  resonance	  energy	  transfer	  (FRET)	  
This mechanism describes the energy transfer between two fluorophores. After 
the electronic excitation of the donor fluorophore, it may transfer its energy to 
the acceptor fluorophore through dipole-dipole coupling. The latter may 
deactivate radiatively by fluorescence emission. 
There are some facts that have to be considered when designing such 
chemosensors: 
·Energy transfer efficiency is inversely proportional to the sixth power of 
distance between fluorophores. 
·The emission spectrum of the donor fluorophore and the absorption spectrum 
of the acceptor fluorophore must overlap to some extent for FRET to take place. 
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·As the energy transfer is performed via dipole-dipole coupling, the donor 
emission dipole moment and the acceptor absorption dipole moment must 
adquire certain orientation. 
 
FRET-based sensoring systems have been applied in biology and biochemistry, 
where they have been used to detect interactions between proteins[51] or to 
obtain information about signalling pathways.[52] 
A good example of how a molecular sensor works via a FRET mechanism is 
phosphodiesterases dosimeter 1.8 (see Scheme 1.11).[53] 
 
Scheme 1.11. Detection reaction of compound 1.8 after a reaction with phosphodiesterases. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
51 B. Pollok, R. Heim.  Trends Cell Biol., 1999, 9, 57. 
52 R. B. Sekar, A. Periasamy.  J. Cell Biol., 2003, 160, 629. 
53 H. Takakusa, K. Kikuchi, Y. Urano, S. Sakamoto, K. Yamaguchi, T. Nagano. J. Am. Chem. Soc., 2002, 124, 1653. 
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When irradiated at 370 nm, the coumarine moiety absorbs light and is 
promoted to an electronic-excited state. This energy is then transferred via 
Förster resonance to the fluorescein moiety. The latter relaxes through 
fluorescence emission. The emission maximum is that of fluorescein and 
indicates that the FRET process has taken place.  
In the presence of phosphodiesterases, the phosphoester bond between the two 
moieties is cleveaged, thus the two moieties separate. Once cleaved, the two 
molecules are far enough for FRET to occur. Next the excitation of the 
coumarin moiety relaxes by emitting at 450 nm, this being the fluorescence 
maximum of coumarin. 
 
Scheme 1.12. Jablonski diagram for the Förster Resonance electron transfer. 
Monomer	  excimer	  formation	  
An excimer (from an excited dimer) is the dimeric species formed between an 
excited fluorophore and another fluorophore of the same structure in the 
ground state. Highly delocalised ? systems certainly tend to form excimers, 
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but need the monomer to be close in space. Emission of excimers is 
characteristic since it is redshifted if compared to that of monomers. 
If an analyte can facilitate the formation (or the destruction) of the excimer, the 
presence of an analyte can be detected by monitoring excimer emission. 
Compound 1.9, which can undergo excimer formation, was designed in such a 
way that, in the presence of two equivalents of Cu2+ ions, the molecule adopts a 
structure that forces the naphtalimide fluorophores to remain far from each 
other, which precludes the possibility of excimer formation (see Scheme 
1.13).[54] Thus in the absence of Cu2+, the sensor emits at 544 nm, but the 
monomer emission at 450 nm predominates after complexation. 
 
Scheme 1.13. Chemical structure of compound 1.9, and schematic representation of the 
molecular topology after the addition of 1 and 2 equivalent(s) of Cu2+  in acetonitrile. 
Spin	  coupling	  /	  Heavy	  atom	  effect	  
Another less commonly used strategy is to employ the heavy atom effect. 
Heavy atoms allow fluorescence quenching through spin orbit coupling. The 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
54 Z. Xu, J. Yoon D. R. Spring, Chem. Commun., 2010, 46, 2563. 
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authors in reference[55] cleverly developed compound 1.10, which is ion-paired 
to iodide and quenches its fluorescence. In the presence of its analyte, the 
luoride anion, dimethylaminopyridine, is replaced with fluorine and the iodine 
moves away from the molecule to then restore its fluorescence (see Scheme 
1.14). 
 
Scheme 1.14. Detection reaction of F- carried by compound 1.10. Fluorescence is restored 
after fluoride displaces dimethylaminopyridine with the consequent removal of the iodide 
counterion. 
A	  trending	  fluorophore,	  borondipyrromethene	  (BODIPY)	  dyes	  
BODIPY dyes consist in small molecules with strong UV-vis absorptions and 
with strong, sharp fluorescence emissions, together with high quantum yields. 
These dyes are high stability molecules and are insensitive to the polarity and 
pH in the environment. 
BODIPYs found their way as labelling reagents,[56] fluorescent switches,[57] 
chemosensors[58] and laser dyes.[59] 
The core is named 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, but it is more 
commonly known as BODIPY as it is a derivative of borondipyrromethene. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
55 T. W. Hudnall, F. P. Gabbaï. Chem. Commun., 2008, 4596. 
56 E. J. Merino, K. M. Weeks, J. Am. Chem. Soc., 2005, 127, 12766.  
57 a) K. Rurack, M. Kollmannsberger. (2001). Angewan. Chem., 2001, 40, 385; b) C. Trieflinger, K. Rurack, J. Daub. 
Angew. Chem., Int. Ed., 2005, 44, 2288. 
58 R. Bandichhor, A. D. Petrescu, A. Vespa, A. B. Kier, F. Schroeder, K. Burgess. J. Am. Chem. Soc., 2006, 128, 10688. 
59 T. L. Arbeloa, F. L. Arbeloa, I. L. Arbeloa, I. Garcia-Moreno, A. Costela, R. Sastre, F. Amat-Guerri. Chem. Phys. Lett., 
1999, 299, 315. 
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The BODIPY numbering system is as depicted in Figure 1.10, which differs 
from that of dipyrromethene cores. Meso-, ?-, and ?- position terms are also 
still being used. 
 
Figure 1.10. Bodipy core numbering system. 
Synthesis	  of	  BODIPY	  	  
The BODIPY derivatives substituted at the meso position are usually easy to 
prepare. Diverse synthetic routes have been developed and used by reacting 
pyrrole with widely available or easily preparable compounds, such as acid 
chlorides, acid anhydrides, aldehydes and ketopyrroles.  
Synthesis from pyrroles and acid chlorides. Pyrroles substituted with a free ?-
position react with acid chlorides under mild conditions to form the 
corresponding dipyrromethene (as hydrochloric salt). This compound is not 
normally isolated as it tends to be unstable. Later, the dipyrromethene is 
deprotonated and chelated with boron trifluoride to form the stable BODIPY 
core. This synthesis yields BODIPY derivatives, substituted at the meso-
position, where the substituent is that carried out by acid chloride (see Scheme 
1.15). 
 
Scheme 1.15. Synthetic procedure to prepare BODIPY dyes from acid anhydrides. 
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The same procedure can be followed, but using acid anhydrides, as seen in 
Scheme 1.16. In this case, anhydride is responsible for porting the substituent. 
A reaction with cyclic anhydrides yields an aliphatic chain capped with a 
carboxylic acid, which can be further employed to functionalise the BODIPY. 
 
Scheme 1.16. Synthetic procedure to prepare BODIPY dyes from acid anhydrides. 
Despite these great strategies, acid chlorides or anhydrides are too reactive to 
be used with the non-substituted pyrrole, and yield polimerisation or other 
non-desired subproducts. 
Synthesis using pyrroles and aldehydes. For those compounds requiring it, the use 
of aldehydes instead of acid derivatives can be carried out by slightly 
modifying synthesis procedures. For instance, condensing the non-substituted 
pyrrole with benzaldehyde yields the desired intermediate with good to high 
yields. However, use of aldehydes needs another oxidation step, which is 
normally achieved by using DDQ or p-chloranil before the dipyrromethene can 
be chelated to the borontrifluoride. 
 
Scheme 1.17. Synthetic procedure to prepare BODIPY dyes from aldehydes 
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Synthesis using pyrrole and ketopyrrole. Another strategy that is often used for 
accessing asymmetric dyes is the reaction of ketopyrroles with pyrroles, as 
observed in Scheme 1.17: 
 
Scheme 1.18. Example of a synthesis of BODIPYs from ketopyrroles and pyrroles that 
allows access to asymmetric BODIPYs 
After preparing ketopyrroles, the formation of the asymmetric dipyrromethene 
is achieved by reacting another pyrrole fragment in the presence of a Lewis 
acid. As in the synthesis with acid chlorides, no oxidation step is required. 
Spectroscopic	  properties	  of	  BODIPY	  dyes.	  
 
As stated before, BODIPY dyes tend to be highly UV-vis absorbants that are 
strongly fluorescent, and with high quantum yields that often reach limits of 
0.90 - 1.00.[60] Together with these properties, BODIPYs have undesirable cons: 
small Stokes shift, which approaches 5 nm in some compounds. Monitoring 
compounds with small Stokes shifts facilitates the collection of backscattered 
light by reducing the application of that compound to living cell imaging, 
which is why some groups have investigated accessibility to larger BODIPY 
Stokes shifts.[ 61 ] BODIPYs absorption and emission wavelengths are not 
dependent on solvent polarity and pH, but after modifying their framework, 
PET or ICT processes can be induced to fine tune their properties so they 
behave as desired. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
60 T. Rohand, W. Qin, N. Boens, W. Dehaen. Eur. J. Org. Chem., 2006, 4658. 
61 X. Qu, Q. Liu, X. Ji, H. Chen, Z. Zhou, Z. Shen. Chem. Comm., 2012, 48, 4600.  
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Normally, the introduction of aryl groups at the meso-position brings about no 
change in absorption and emission wavelengths, provided the core is also 
substituted at the 1,7-positions. This has been widely attributed to steric 
hindrance, which forces aryl substituents to be orthogonal to the BODIPY 
framework by virtually decoupling both aromatic systems. However, it is 
known that aryl substituents at the meso-position carry the –NO2 or –NMe2 
groups that can induce ICT processes[62] (some authors[63] state them to be PET 
processes) between the substituent and the BODIPY core. This last one is 
actually quite interesting from the sensor design point of view because the ICT 
process can be simply controlled by the protonation of –NMe2. 
Other more active positions on the BODIPY core are those which correspond to 
the 3,5-positions, which can be easily functionalised by maintaining the 
conjugation between the BODIPY framework and the substituent. In fact, there 
is a quest to extend the BODIPY π-system as the literature shows that the 
longer the system is, the further the dye absorbs and emits to the infrared.[64, 65] 
Infrared absorbing and emitting dyes are very interesting for biomedical 
applications since IR can penetrate further in living cells. 
Strategies for extending BODIPYs at these positions range from Palladium 
cross couplings of BODIPY haloderivatives[ 66 ] (see Scheme 1.19) to 
Knoevenagel condensations of aromatic aldehydes with 3,5-methylated 
BODIPYs (see Scheme 1.20).[64] 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
62 M. Kollmannsberger, K. Rurack, U. Resch-Genger, J. Daub. J. Phys. Chem. A, 1998, 102, 10211.  
63 T. Ueno, Y. Urano, H. Kojima, T. Nagano. J. Am. Chem. Soc., 2006, 128, 10640. 
64 Y.-H. Yu, A. B. Descalzo, Z. Shen, H. Röhr, Q. Liu, Y-W. Wang, M. Spieles, Y.-Z. Li, K. Rurack, X.-Z. You. Chem. 
Asian J., 2006, 1, 176.  
65 A. B. Descalzo, H.-J. Xu, Z. Shen, R. Rurack. Ann. N. Y. Acad. Sci., 2008, 1130, 164. 
66 V. Leen, T. Leemans, N. Boens, W. Dehaen. Eur. J. Org. Chem., 2011, 23, 4386.  
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Scheme 1.19. Functionalisation of the BODIPY framework via Suzuki, Heck and 
Sonogashira palladium cross-coupling reactions.[66] 
 
Scheme 1.20. Functionalisation of the BODIPY core via Knoevenagel condensation using 
Dean Stark apparatus. 
The positions 2,6 of the BODIPY core are easily halogenable and open the gate 
to Sonogashira or Heck cross-coupling reactions, as the following example 
shows: 
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Scheme 1.21. Synthetic pathway for the formation of a π-extended BODIPY at the 2,6-
positions 
Another way to shift absorption and emission to red is BODIPY formation with 
extra fused aromatic rings. This normally requires the use of modified pyrroles 
prior to BODIPY formation. This route yields compounds with ?em  of up to 
605-614 nm.[67] 
 
Scheme 1.22. Synthetic pathway of a BODIPY with an extended aromatic system starting 
from pyrrole-fused rings. 
BODIPY	  dyes	  as	  probes	  and	  sensors	  	  
The functionalisation of BODIPY dyes has been widely used to allow these 
dyes to work as signalling units of different detection events. Given the high 
quantum yields of BODIPY, most probes have been designed to monitor 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
67 a) M. Wada, S. Ito, H. Uno, T. Murashima, N. Ono, T. Urano, Y. Urano. Tetrahedron Lett., 2001, 42, 6711; b) S. Ito, T. 
Murashima, N. Ono, H. Uno. Chem. Commun., 1998, 1661. 
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fluorescence intensity changes upon analyte detection, depending where the 
sensing unit is attached.  
 
Chart 1.8. Structures of BODIPY-based probes 1.11-1.15 for the detection of K+,[68] Cu2+,[69] 
F-,[70] CN-[71] and Saxitoxin,[72] respectively. 
Moreover, a strong colour shift is observed, that can be detected by the naked 
eye, which makes these dyes promising candidates for portable fluoro-
colorimetric probes. The spectrum of detectable analytes is unlimited and 
depends on the characteristics of the sensing unit attached to the dye 
framework. Previously reported probes range from pH sensors[57] to toxins,[72] 
including cations (Na+,[73] Ca2+,[74] Hg2+,[75] among others), anions such as F-,[76,70] 
CN-,[71] indicators for reactive oxygen (ROS) and nitrogen (NOS) species,[77] such 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
68 J.-P. Malval, I. Leary, B. Valeur, New J. Chem., 2005, 29, 1089. 
69 A. Khatchadourian, K. Krumova, S. Boridy, A. T. Ngo, D. Maysinger, G. Cosa, Biochemistry, 2009, 48, 5658. 
70 O. A. Bozdemir, F. Sozmen, O. Buyukcakir, R. Guliyev, Y. Cakmak, E. U. Akkaya, Org. Lett., 2010, 12, 1400. 
71 Z. Ekmekci, M. D. Yilmaz and E. U. Akkaya, Org. Lett., 2008, 10, 461. 
72 R. E. Gawley, H. Mao, M. M. Haque, J. B. Thorne, J. S. Pharr, J. Org. Chem., 2007, 72, 2187. 
73 K. Yamada, Y. Nomura, D. Citterio, N. Iwasawa, K. Suzuki, J. Am. Chem. Soc., 2005, 127, 6956. 
74 K. R. Gee, A. Rukavishnikov, A. Rothe, Comb. Chem. High Throughput Screening, 2003, 6, 363. 
75 S. Wagner, K. Brödner, B. A. Coombs, U. H. F. Bunz, Eur. J. Org. Chem., 2012, 11, 2237. 
76 M. R. Rao, S. M. Mobin, M. Ravikanth, Tetrahedron, 2010, 66, 1728. 
77 N. Boens, V. Leen, W. Dehaen. Chem. Soc. Rev., 2012, 41, 1130. 
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as peroxynitrite, superoxide radical anion, hypochlorous acid, peroxyl radical, 
hydrogen peroxide, nitric oxide, nitrite, nitroxyl, etc. Some examples of these 
BODIPY sensors can be found in Chart 1.8. 
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Chapter 2. Detection of anionic species 
2.1. Introduction 
The development of neutral receptors for the recognition and sensing of anions 
is a key research area in supramolecular chemistry.[78] In the last two decades, 
several research groups have made many efforts to create new receptors for 
anionic species,[79] which have moved from the proof of concept state to highly 
evolved receptors, and to chemosensors capable of selectively or specifically 
binding an anion, or family of anions, in numerous solvents, and that are able 
to perform cellular transportation and in vitro signalling. Such efforts are 
justified if we observe the role of anions in both industrial and biological 
environments.[ 80 ] If we centre on biological processes, generally ions are 
extremely important as the ion flux across cellular membranes is a fundamental 
process for life. Ion transport is mediated by several processes which allow ions 
to pass through ion-permeable hydrophobic phospholipid bilayers. Ion 
transport is responsible for several vital functions, such as absorption of 
nutrients, transmission of neurological pulses, muscle contraction control, etc. 
Several natural carriers for cations are known (e.g.: beauvericin for Ca2+ and 
Ba2+, gramicidin A for H+, Na+ and K+, ionomycin for Ca2+ or nigericin for K+, 
H+, and Pb2+, among others), and their mechanisms and thermodynamic 
parameters have been well-established. However, natural products that 
transport anions in a similar way are rare (e.g.: prodigiosins,[81] duramycin,[82] 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
78 a) Supramolecular Chemistry of Anions. E. Bianchi, K. Bowman-James, E. García-Españaa. Eds.; (1997, Wiley-VCH: 
New York); b) R. Martínez-Máñez, F. Sancenón. Chem. Rev., 2003, 103, 4419; c) B. T. Nguyen, E. V. Anslyn. Coord. 
Chem. Rev., 2006, 250, 3118; d) S. O. Kang, R. A. Begum, K. Bowman-James. Angew. Chem., 2006, 118, 8048. Angew. 
Chem. Int. Ed. 2006, 45, 7882–7894; e) P. A. Gale, S. E. García-Garrido, J. Garric. Chem. Soc. Rev., 2008, 37, 151. 
79 F. P. Schmitdchen. M. Berger. Chem. Rev., 1997, 97, 1609.  
80 a) H. Nohta, J. Sonoda, H. Yoshida, H. Satozono, J. Ishida, M. Yamaguchi. J. Chromatogr. A, 2003, 1010, 37; b) 
Biochemistry. J. M. Berg, J. L. Tymoczko, L. Stryer, (W. H. Freeman, Ed.), (2002, New York), pp. 465. 
81 S. Ohkuma, T. Sato, M. Okamoto, H. Matsuya, K. Arai, T. Kataoka, K. Nagai, H. H. Wasserman. Biochem. J., 1998, 
334, 731. 
82 T. R. Sheth, R. M. Henderson, S. B. Hladky, A. W. Cuthbert. Biochim. Biophys. Acta, Biomembr., 1992, 1107, 179; 
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pamamycin[83] or SLC25A10[84]). Thus the study of the development of highly 
selective anion hosts and transporters is more than justified for therapeutic 
uses. 
High anion concentrations in living organisms can be injurious. Modern 
industrial processes are endowed with environmental safety protocols and 
mechanisms to prevent the environment from being contaminated with 
chemical waste produced at factories. Nonetheless, these methods sometimes 
prove inefficient since contamined rivers and surrounding areas of industries 
occur. An urban lifestyle also reinforces contamination through the daily use of 
certain products (e.g., tensioactive compounds from detergents) that contribute 
to soil and groundwater contamination. Among these contaminating species, a 
large group of them are anions: fluorides, chlorides, sulphonates, cyanide, 
phosphates, among others.  
The linear alkyl(benzene)sulphonate big family 
Surfactants are usually organic compounds that reduce the interfacial tension 
between two inmiscible liquids, or between a liquid and an insoluble solid. 
Surfactants are amphiphylic, that is, they have hydrophilic and lipophilic 
properties. 
The topology of the surfactant has two parts: one named the head, the polar 
hydrophilic part, which is chemically linked to what is called the tail, an 
aliphatic moiety. This composition confers special properties to these 
molecules, such as the capacity of self-arrangement forming micelles, 
liposomes or bilayers. 
The formation of these microstructures allows these compounds to solubilise 
fats and other hydrophobic compounds, which is the main cleaning principle 
of detergents. Surfactants are widespread compounds that can also be found in 
fabric softeners, paints, inks, cosmetics, herbicides, etc. 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
83 E. J. Jeong, E. J. Kang, L. T. Sung, S. K. Hong, E. Lee. J. Am. Chem. Soc., 2002, 124, 14655. 
84 P. Huypens, R. Pillai, T. Sheinin, S. Schaefe, M. Huang, M. L. Odegaard, S. M. Ronnebaum, S. D. Wettig, J. W. 
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Figure 2.1. Surfactants self-arrangement in more complex macrostructures. From left to 
right: liposome, bilayer sheet and micelle. 
 
Chart 2.1. Chemical structures of different cationic (top), neutral (middle) and anionic 
(bottom) surfactants. 
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Although some non-charged surfactants exist (e.g. alcohols with long alkyl 
chains, or glucosides such as laurylglucoside (APG-C12)), most surfactants are 
ionic species. Despite there being some cationic species (e.g. cetyl 
trimethylammonium bromide (CTAB) or dimethyldioctadecylammonium 
chloride (DODMAC)), the majority of surfactants are anionic compounds. 
 
·Carboxylates: e.g. sodium stearate (soap) 
·Phosphates: e.g monoalkylphosphates (MAP) and dialkyl-phosphates (DAP) 
·Sulphates: e.g. laurylammoniumsulphate (SDS) 
·Sulphonates: e.g. dodecylbenzenesulphonate (LAB) 
 
Among these negatively charged surfactants, alkyl and 
alkylbenzenesulphonates are well-known and used worldwide. They constitute 
the main active principle of the vast majority of detergents. This, together with 
annual detergents production data, which come to 6 billion kg, makes these 
compounds a relevant species to be included in our scope of detection. From 
the environmental point of view, the concentration of LAS in dry materials 
used as fertilisers is highly relevant information. The most generally used 
techniques for detecting these compounds are: biosensors,[85] potentiometric 
methods[86] or liquid chromatography-mass spectrometry.[87] However, as far as 
we know, there are no examples of chromogenic or fluorogenic chemosensors 
capable of detecting sulphonates in the literature.  
Linear dicarboxilic acids 
Among the different anions, dicarboxylates are a very appealing target for 
chemosensor designers since they play fundamental roles in many chemical 
and biochemical processes. Oxaloacetate, citrate, cis-aconitate, isocitrate, 
oxalosuccinate, ?-ketoglutarate, succinate, fumarate and L-malate are all 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
85 Y. Nomura, K. Ikebukuro, K. Yokoyama, T. Takeuchi, Y. Arikawa, S. Ohno, I. Karube. Biosens. Bioelectron., 1998, 13, 
1047.  
86 D. Madunic ́-C ̌ac ̌ic ́, M. Sak-Bosner, R. Matešic ́-Puac ́, Z. Grabaric ́. Sensor Lett., 2008, 6, 339. 
87 A. Di Corcia. J. Chromatogr. A, 1998, 794, 165. 
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natural di- or tricarboxilates that play a substrate and/or product role in the 
Krebs cycle (see Chart 2.2). 
 
Chart 2.2. Chemical structures of the di- and triacids present in the Krebs cycle 
Some of them (e.g., malate and succinate) are transported through the 
mitochondrial membrane by SCL25A10, the mitochondrial dicarboxylate 
carrier.[84]  
Mimicking the behaviour of these proteins is possible with well-designed 
supramolecules. 
Synthetically produced dicarboxylate carriers are extremely interesting as they 
open up new gateways to biomedical studies. Labelling the carrier performing 
its task, but also as an optical chemosensor, is most important because not only 
the position, but also the load of the carrier, can be monitored by NIR optical 
imaging, for instance.  
meso-octamethylcalix[4]pyrrole (OMCP), a receptor for anions 
Since the molecular recognition field began, diverse receptors for anions have 
been developed whose specifity can be fine tuned. These receptors can be ionic, 
which perform electrostatic interactions (e.g. metal complexes,[88] guanidinum-	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
88 a) V. Amendola, E. Bastianello, L. Fabbrizzi, C. Mangano, P. Pallavicini, A. Perotti, A. Manotti-Lanfredi, F. Ugozzoli. 
Angew. Chem., Int. Ed., 2000, 39, 2917; b) L. Fabbrizzi, P. Pallavicini, L. Parodi, A. Perotti, A. J. Taglietti. Chem. Soc., 
Chem. Commun., 1995, 2439; c) S. W. Magennis, J. Craig, A. Gardner, F. Fucassi, P. J. Cragg, N. Robertson, S. Parsons, 
Z. Pikramenou. Polyhedron., 2003, 22, 745. 
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based,[ 89 ] or quaternary ammonium salts[ 90 ]) or neutral receptors such as 
amides,[91] ureas[92] and thioureas,[93] porphirins,[94] saphirins,[95] or aromatic 
alcohols,[96] which generally bind to their guests via hydrogen bonds. In 1996, 
Gale, Sessler et al. reported that meso-octamethylcalix[4]pyrrole (OMCP), 
whose structure is depicted in the figure below, is able to work as a neutral 
receptor for halides, dihydrogenphosphate and hydrogensulphate.[97]  
 
Figure 2.2. Chemical structure of meso-octamethylcalix[4]pyrrole (left) and schematic 
representations of its 1,3-alternate disposition (middle) and cone disposition after anion 
complexation (right). 
The preferred conformation in solution of most calix[4]pyrroles derivatives is 
1,3-alternate. This disposition has two opposed pyrrole rings that face one 
direction, while the other pair of pyrroles faces the opposite direction. The 1,3-
alternate arrangement is perturbed in the presence of some anions and forces 
the calix[4]pyrrole to adopt a cone-shaped conformation (see Figure 2.2). This 
conformation arranges all the acidic hydrogen atoms of pyrrole rings towards 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
89 a) L. A. Cabell, M. D. Best, J. J. Lavigne, S. E. Schneider, D. M. Perreault, M.-K. Monahan, E. V. Anslyn. J. Chem. Soc. 
Perkin Trans. 2, 2001, 315; b) A. Metzger, V. M Lynch, E. V. Anslyn. Angew. Chem., Int. Ed., 1997, 36, 862. 
90 L. O. Abouderbala, W. J. Belcher, M. G. Boutelle, P. J. Cragg, J. Dhaliwal, M. Fabre, J. W. Steed, D. R. Turner, K. J. 
Wallace. Chem. Commun., 2002, 358. 
91 P. D. Beer, M. G. B. Drew, D. Hesek, R. J Jagessar. Chem. Soc., Chem. Commun. 1995, 1187; b) M. Dudi č, P. Lhoták, I. 
Stibor, K. Lang,P. Prošková, P. Org. Lett., 2003, 5, 149. 
92 H. Boerrigter, L. Grave, J. W. M. Nissink, L. A. J. Chrisstoffels, J. H. van der Maas, W. Verboom, F. de Jong, D. N. 
Reinhoudt. J. Org. Chem., 1998, 63, 4174. 
93 a) Lee, D. H.; Im, J. H.; Lee, J.-H.; Hong, J.-I. Tetrahedron Lett., 2002, 43, 9637; b) Sasaki, S.; Mizuno, M.; Naemura, K.; 
Tobe, Y. J. Org. Chem., 2000, 65, 275. 
94  J. L. Sessler, M. Cyr, H. Furuta, V. Král, T. D. Mody, T. Morishima, M. Shionoya, S. Weghorn. Pure Appl. Chem., 1993, 
65, 393. 
95 J. L. Sessler, A. Andrievsky, V. Král, V. Lynch. J. Am. Chem. Soc., 1997, 119, 9385. 
96 a) T. Duff, A. Grüing, J.-L. Thomas, M. Duati, J. G. Vos. Polyhedron, 2003, 22, 775; b) P. D. Beer, S. W. Dent, T. J. Wear. 
J. Chem. Soc., Dalton Trans., 1996, 2341. 
97 P. A. Gale, J. L. Sessler, V. Král, V. Lynch. J. Am. Chem. Soc., 1996, 118, 5140. 
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the anion in such a way that the guest anion is surrounded by four C4 
symmetrically arranged positively polarised nuclei.  
 
Chart 2.3. Chemical structures of three calix[4]pyrrole-based chemosensors with a 
fluorophore transducer attached at the meso-position. 
The complexation preference of OMCP for anions is as follows: F- >AcO- >Cl- > 
H2PO4- ≈ HP2O7-3 ≈ Br- > HSO4-, although this series is sometimes solvent-
dependent. The modification of the calixpyrrole (e.g. introducing new 
functional groups into the calix) can also perturb the complexation order.[98, 99, 
100] 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
98 R. Nishiyabu, P. Anzenbacher, Jr. Org. Lett., 2006, 8, 359. 
99 S. M. S. Chauhan, B. Garg, T. Bisht. Supramolecular Chemistry, 2009, 21, 394. 
100 P. Anzenbacher, Jr., K. Jursáková, J. L. Sessler. J. Am. Chem. Soc., 2000, 122, 9350. 
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Table 2.1. Fluorescence stability constants for compounds 2.1-2.3 (5 × 10-6 M  for 2.1 and 2.3, 
1 × 10-6 M  for 2.2) with anionic substrates in MeCN (0.01% v/v water) for 2.1 and 2.2 and 
MeCN-Water (96:4, pH 7.0±0.1) for 3.1 at 298 K. 
 
Stability constants (M-1)  
Anion 2.1 2.2 2.3  
Fluoride 222 500 >1000000 >200 000  
Chloride 10 500 18 200 < 10 000  
Dihydrogen phosphate 168 300 446 000 682 000  
Pyrophosphate 131 000 170 000 > 2 000 000  
 
For instance in reference [100], sensors 2.1-2.3 show enhanced association 
constants for H2PO4- over Cl-, due to the attachment of the aromatic 
sulphonamide and thiourea groups, which helps the complexation task of the 
H2PO4- anion (see Chart 2.3 and 
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Table 2.1). 
This phenomenon does not occur with Cl-. A better example is sensor 2.3 with 
pyrophosphate, which shows a higher affinity for this polyanion than 
compounds 2.1 and 2.2.  Thus calix[4]pyrrole functionalisation can be used to 
selectively tune affinity for certain anions or to perturb intrinsic substrate 
binding selectivities. For instance, increasing the steric bulkiness at the meso-
position (see 2.4 and Table 2.2) generally results in a lower affinity to the most 
tested species[101] 
 
 
 
Figure 2.3. Molecular structures of OMCP and calix[4]pyrrole 2.4. 
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Table 2.2. Stability constants for compounds OMCP and 2.4 with the anionic substrates in 
CD2Cl2 at 298 K. [a] Not determined 
 
Stability  constants  (M-1)   
Anion OMCP  2.4   
Fluoride 17170  (± 900) 3600 (± 395)  
Chloride 350  (± 5.5) 117 (± 4.0)  
Bromide 10  (± 5.5) [a]   
Iodide < 10  [a]   
Dihydrogen phosphate 97  (± 3.9) < 10   
Hydrogen sulphate < 10  [a]   
 
In contrast, when substituents form a cavity, the affinity for well-fitting anions 
increases if compared to larger ones. An example of such is compound 2.5 in 
Figure 2.4.[102] 
  
Figure 2.4. Chemical structures of cavitand-calix[4]pyrroles, as published in reference [102c] 
Functionalisation allows the connection of the receptor to other moieties, such 
as signal transducers. Signal transducers for calixpyrrole include 
fluorophores,[103] chromophores,[104] electrochemical transducers,[105] etc.  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
102 a) P. Ballester. Chem. Soc. Rev., 2010, 39, 3810; b) L. Bonomo, E. Solari, G. Toraman, R. Scopelliti, C. Floriani, M. 
Latronico. Chem. Commun., 1999, 2413; c) J. L. Sessler, P. Anzenbacher, Jr., K. Jursikova, H. Miyaji, J. W. Genge, N. A. 
Tvermoes, W. E. Allen, J. A. Shiver. Pure & Appl. Chem., 1998, 70, 2401. 
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Binary	  systems	  in	  calix[4]pyrroles-­‐based	  chemosensors	  
As stated in the previous chapter, the host and signalling units in the binary 
system paradigm are chemically linked, and the interaction of guest species 
with the receptor triggers a detection event that is macroscopically indicated by 
the signalling unit. 
There are two big sensor families for calix[4]pyrrole-based sensors using the 
binary system paradigm: those where the host and transducer are linked via 
the meso-position of the calix[4]pyrrole (see compound 2.6 at Figure 2.5), and 
those that are linked via the C-rim (see Scheme 2.1). 
 
Figure 2.5. Chemical structures of the calix[4]pyrrole-based chemosensor  2.6 with the 
transducer connected at the meso-position. 
If the transducer is connected at the meso-position (see Figure 2.5), there is no 
electronic connection between the receptor and the signalling unit. In this case, 
the signalling unit must participate in the binding of the guest, or the detection 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
103 a) H. Miyaji, H.-K. Kim, E.-K. Sim, C.-K. Lee, W.-S. Cho, J. L. Sessler, C.-H. Lee. J. Am. Chem. Soc., 2005, 127, 12510; 
b) H. Miyaji, P. Anzenbacher Jr, J. L. Sessler, E. R. Bleasdale, P. A. Gale. Chem. Commun., 1999, 1723–1724. 
104 a) H. Miyaji, W. Sato, J. L. Sessler, V. M. Lynch. Tetrahedron Lett., 2000, 41, 1369–1373; b) H. Miyaji, W. Sato, J. L. 
Sessler. Angew. Chem. Int. Ed., 2000, 39, 1777. 
105 a) P. A. Gale, M. B. Hursthouse, M. E. Light, J. L. Sessler, C. N. Warriner, R. S. Zimmerman. Tetrahedron Lett., 2001, 
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event must be triggered through PET mechanisms from the pyrroles of the 
calix to the transducer. 
If the connection is carried out at the C-rim, both systems can be electronically 
coupled, and the optical changes of these sensors normally follow an ICT 
mechanism (see Scheme 2.1). 
  
Scheme 2.1. Chemical structure of  2.7[104b], a calix[4]pyrrole-based chemosensor for anions 
with an anthraquinone transducer electronically connected to the C-rim. After anion 
complexation, a bathochromic shift of the absorption spectrum is produced due to an 
internal charge transfer. 
Ternary	  systems	  in	  calix[4]pyrroles-­‐based	  chemosensors	  
The second paradigm for calix[4]pyrrole sensing involves the use of ternary 
systems, where the transducer (either a fluorophore or chromophore) is 
initially complexed to the host calix[4]pyrrole. 
 
Scheme 2.2. Detection reaction of F- by an OMCP·p-NO2PhO- ternary chemosensor. 
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The photophysical properties of the transducer differ when complexed to the 
calix[4]pyrrole than in the free state. Thus in the presence of the guest, the 
signalling unit is “decomplexed” from the host, and its optical properties 
change to indicate the detection event. 
Synthesis	  of	  the	  calix[4]pyrroles	  
OMCP synthesis is quite straightforward. Equimolecular mixtures of acetone 
and pyrrole in MeOH, with traces of some acid catalyst, e.g., H2SO4, precipitate 
OMCP in less than 1 hour with very good yields. OMCP can be easily 
crystallised from acetone.[106] 
Functionalisation of calixpyrrole at the meso-position is achieved by using 
different ketones in condensation.[102c] Despite such simplicity, use of ketones 
with two different organic substituents attached to the carbonyl centre can 
yield up to four different stereoisomers (????, ????, ???? and ??
??), which can be very difficult to separate. 
 
Scheme 2.3. General procedure to prepare calix[4]pyrroles. If R1 ? R2, the reaction yields a 
mixture of four stereoisomers. 
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Another possibility is to use 3:1 mixtures of acetone with another ketone to 
obtain a calyx[4]pyrrole with one substituent. Once again, these procedures 
usually yield mixtures of isomers. 
Functionalisation of the calyx[4]pyrrole at the ?-pyrrolic position (C-rim) is 
interesting because it allows an electronic connection between the receptor and 
the transducer, and can be achieved by different methods. 
Monofunctionalisation, which is quite often desirable, is mainly achieved by 
using one equivalent of the reactant. Some of the reported methods include 
lithiation of the ?-pyrrolic position followed by electrophilic attack,[ 107 ] 
Vilsmeyer formilation and/or electrophilic aromatic halogenation of the C-
rim,[108] which can be used to perform Sonogashira cross-couplings.[104a] 
 
In this chapter, we intended to extend available knowledge on the chemistry of 
the OMCP, mainly in two different directions: 
 
-First, we wished to investigate the influence of the geometry of C-rim 
functionalised OMCPs when it comes to complex anions. In the cone 
arrangement, OMCP has four anchoring points (e.g., four –NH moieties) 
arranged in a C4 symmetry, which forms a good match for binding spherical, or 
even bidentate (such as AcO-,) anions. Yet this geometry is not optimum for the 
full complexation of tridentate anions, such as RSO3-, or tetrahedral HSO4- or 
H2PO4-, etc. Thus we rationalised that if we could constrain the complexing 
capability of one of the pyrrole –NH groups, the resulting topology would 
increase the OMCP affinity for the tridentate anions. 
In order to test our hypothesis, we synthesised compounds 2.8 and 2.9, with 
strong intramolecular interactions that block the formation of the cone 
arrangement, and only allow the molecule to adopt what is called a partial cone 
arrangement. This interacts with the anions that have only three anchoring 
points.[109] 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
107 P. Anzenbacher, K. Jursíková, J. A. Shriver, M. Hidekazu, V. M. Lynch, J. L. Sessler, P. A. Gale. J. Org. Chem., 2000, 
65, 7641. 
108 H. Miyaji, D. An, J. L. Sessler, J. Supramol. Chem., 2001, 13, 661. 
109 R. Gotor, A. M. Costero, S. Gil, M. Parra, L. E. Ochando, K. Chulvi. Org. Biomol. Chem., 2012, 10, 8445. 
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Chart 2.4. Chemical structures of the two conformationally blocked calix[4]pyrroles studied 
in this chapter. 
This fact opens up a new gateway for designing sensors for more sophisticated 
tridentate anions, such as those discussed at the beginning of this chapter: alkyl 
and alkylbenzenesulphonates. 
 
-Second, since the literature on ditopic calix[4]pyrroles was scarce at the time 
that this research work was conducted, we designed a chemosensor for these 
species.[110]  
 
Chart 2.5. Chemical structures of two calix[4]pyrroles-based chemosensors for α,ω-
dicarboxilates (2.10) and monoanions (2.11) studied in this chapter. 
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New compound 2.10 consisted in two calix[4]pyrroles, which were connected 
via their C-rim to a spacer in such a way that the hosts were separated from 
each other ca. 11 – 12 Å. At the same time, the spacer was a BODIPY signalling 
unit that was able to signal the presence of the target species. 
For comparision purposes, the monotopic version of 2.10, compound 2.11, was 
also synthesised. Both compounds, together with that in the reference [111], 
were the first BODIPY-calix[4]pyrrole sensors. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
111 Y. Lv, J. Xu, Y. Guo, S. Shao. Chem. Pap., 2011, 65, 553. 
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2.2. Objectives 
The main goal of this chapter was to explore and extend the chemistry behind 
anion recognition with meso-octamethylcalix[4]pyrrole derivatives. As this 
research took two parallel directions, two sets of aims are presented: 
 
Aims for Line 1: 
 
·To synthesise new conformationally blocked meso-octamethylcalix[4]pyrrole 
derivatives bearing three anchoring points. 
 
·To characterise these compounds by means of 1H, 13C NMR, HRMS and single 
crystal X-ray diffraction. 
 
·To study their binding affinities to tridentate anions by comparing them to 
other spherical and bidentate anions. 
 
Aims for Line 2: 
 
 ·To synthesise a new homoditopic calix[4]pyrrole-based chemosensor for α,ω-
dicarboxylates bearing a BODIPY transducing unit, and a monotopic BODIPY-
calixpyrrole derivative for comparison purposes. 
 
·To characterise these new compounds by means of 1H and 13C NMR and 
HRMS. 
 
·To study their affinity constants with α,ω-dicarboxylates in solution using UV-
vis and fluorescence spectroscopy 

Chapter	  2	  
 
 81 
2.3. Inversion of selectivity in anion recognition with 
conformationally blocked calix[4]pyrroles 
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Abstract 
Two calixpyrrole derivatives were synthesised. A p-dimethylaminobenzoyl group was 
electronically attached to a pyrrole ring, establishing an intramolecular hydrogen bond 
in a 1,3-alternate conformation. The formation of the H-bond was corroborated 
by IR, NMR, and X-ray measurements. NMR titration studies reveal that the H-bond is 
strong enough to block the conversion to a cone conformation, allowing them to only 
acquire a partial cone conformation. Affinity constants for several anions were 
calculated, and a noticeable increase was observed for tridentate tetrahedral anions, 
while the Ka of spheric or bidentate anions decreased. In the presence of several acids, 
the synthesised compounds can act as chemosensors by a double process: protonation 
of the amino group and coordination of the generated anion. In addition, a 
displacement approach gives rise to a proof of concept for sulphonate recognition. 
Introduction 
meso-Octamethylcalix[4]pyrrole (OMCP) was reported in 1996 by Gale et al. to 
strongly bind to different anions (specially F−) and neutral guests.[1] The ability 
of calix[4]pyrroles to form complexes is related to the NH array present in their 
structure. These compounds possess a 1,3-alternate conformation in solution, 
but this conformation changes in the presence of several guests to a cone-like 
structure due to coordination. For this reason, calixpyrrole functionalization 
can be used to either increase affinity for certain anions or perturb intrinsic 
substrate binding selectivities. For instance, as steric bulkiness increases at 
the meso position, it generally results in a lower affinity towards most tested 
ions.[2] In contrast, when substituents form a cavity, the affinity for well-fitting 
anions increases if compared to larger one.[3] On the other hand, changes in the 
affinity constants in C-rim functionalised calixpyrroles are also governed by 
electronic effects. Thus, electron-accepting groups increase the acidity of the N–
H protons, giving rise to higher affinity constants.[4] 
Here we report a different way of controlling calixpyrrole complexation by 
blocking the macrocycle conformation through intramolecular hydrogen bond 
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formation. So it was that two novel C-rim mono and disubstituted 
calix[4]pyrroles (1 and 2, Chart 1) were synthesised and their selectivities 
towards different anions were studied. In addition, their sensing properties in 
the presence of several acids and anions were also evaluated. The inversion in 
the relative complexation of anions observed with these ligands suggests their 
possible use as sulphonate sensors. Detection of sulphonates is of interest given 
their environmental toxicity.[5] Linear alkylbenzene sulphonates (LAS) 
constitute a group of widely used anionic surfactants, which are often present 
in soils due to the use of compost generated in wastewater treatment plants. 
From the environmental point of view, the LAS concentration in the dry 
material used as fertilisers is important information. The most generally used 
techniques for detecting these compounds are biosensors,[6] potentiometric 
methods[7] or liquid chromatography-mass spectrometry.[8] However, as far as 
we know, there are no examples in the literature of chromogenic or fluorogenic 
chemosensors able to detect sulphonates. For all these reasons we have 
explored the possible use of ligand 1 in sulphonate sensing as a proof of 
concept. 
Results and discussion 
Synthesis	  
Calixpyrrole 1 was synthesised through acylation of the parent calixpyrrole 
polyanion with p-dimethylaniline benzoyl chloride. OMCP polyanions were 
generated by treating the macrocyclewith 3–4 equiv. of butyl lithium. Even 
though OMCP has already been reported to have been subjected to the 
electrophilicity of benzoyl chloride with no positive results,[9] when p-
dimethylaniline benzoyl chloride is employed, the acylation reaction takes 
place with moderate yields. Thus, even if a polyanion is used, when working at 
low temperatures and with amounts below an equivalent of acid chloride, the 
mono-functionalized product is obtained as the main product. 
Synthesis of calixpyrrole 2 was carried out using the same procedure used 
with 1, but with the addition of 2 equiv. of acid chloride. Surprisingly with this 
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procedure, only one regioisomer is obtained (Chart 1). It seems that the 
introduction of the first acyl group directs the next group to the most stable 
position to yield compound 2 as the main product. In any case, compound 1 is 
always obtained as a by-product in the synthesis of 2. 
 
Chart 1. Chemical structures of C-rim monosubstituted calixpyrroles presenting carbonyl 
groups conjugated with the pyrrole ring (1–3, 5) and separated by a –CH2– spacer  
Conformational	  studies	  
Compound 1 in dichloromethane solutions adopts a restricted conformation 
with one pyrrole ring involved in a hydrogen bond interaction with 
the carbonyl group of the substituent. The intensity of the hydrogen bond 
interaction is expected to be strong given the electron donor properties of the 
dimethylaniline moiety. 
The presence of this hydrogen bond was confirmed by NMR studies (Fig. 1). 
Thus, while Hb, Hc, and Hd displacements (7.45, 7.07, 7.02 ppm, respectively) 
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appear at the normal position for these labile protons,[2] Ha appears at 8.90 ppm. 
This unusual shift is presumably due to the hydrogen bond. In this aprotic 
solvent (0.01 M in CD2Cl2), the only group able to establish a hydrogen bond 
with the N–Ha proton is the aromatic ketone group, reinforced by the electron 
donor power of the p-dimethylamino group. 
Consequently, compound 1 in dichloromethane solutions seems to adopt a 
restricted conformation with one pyrrole ring involved in a hydrogen bond 
interaction with the carbonyl group of the substituent (Fig. 2). This suggestion 
agrees with the theoretical results (at RHF-3-21G level) that show the 1,3-
alternate conformation stabilized by the proposed hydrogen bond is around 20 
kcal mol−1 more stable than the corresponding conformation without this 
interaction. 
 
Fig. 1. 1H NMR spectrum (selected region) of OMCP (top), compound 1 (middle), and 
compound 2 (bottom), all measured in CD2Cl2 at 400 MHz 
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Fig. 2 . Proposed 1,3-alternate favourable conformations of free ligands 1 and 2 in 
dichloromethane solution  
Regarding compound 2, NMR spectra reveal that the N–Ha proton shifts to 9.49 
ppm, a positive Δδ = 0.59 ppm in relation to 1 and Δδ = 2.41 ppm if compared 
with OMCP. Such a displacement proves that the N–Ha proton is involved in 
an even stronger hydrogen bond interaction. The simplicity of the spectra 
indicates a high level of symmetry, which simplifies structure elucidation: the 
two attached substituents (the signals at 7.88 and 6.68 ppm) are equivalents, as 
well as the corresponding functionalised pyrrole rings (5.95 ppm). These 
substituted pyrroles, as revealed by the COSY experiments, couple with the N–
H signals at 7.27 ppm. Thus, there are three sets of pyrrole signals: two 
equivalent pyrroles supporting the substituents, this being apyrrole in which 
the N–H proton is possibly double bonded to two ketones, and the other 
free pyrrole with normal shifts. These data suggest that the hydrogen bond 
interaction can be formed with any of the carbonyl groups and that a change 
from one carbonyl group to the other is fast on the NMR time scale. 
The IR spectra of compounds 1 and 2 (see ESI) support this hypothesis: for 
instance, the C=O stretching band shifts to a lower wavelength in both cases, 
1592 and 1593 cm−1, respectively. If compared with the tabulated wavelength, 
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an aromatic ketone of a similar substitution normally vibrates at 1640 cm−1. 
This decrease indicates a minor loss of double bond character due to the 
interaction with the adjacent N–H proton. In fact, when the IR spectrum for 
methylated compound 3 is registered, the C O band appears at the expected 
position (1642 cm−1), which reasserts the fact that when no electron donor 
groups are connected to the ketone, the intramolecular hydrogen bond is much 
less favourable. 
 
The extensive calixpyrrole library includes very few C-rim 
monosubstituted calixpyrroles with carbonyl groups. For instance, 
compound 5[9] (Chart 1) has an aldehyde carbonyl conjugated with the pyrrole 
ring. The NMR data for this compound show that the most unshielded N–
H protons shift at 7.35 ppm (2H), followed by two other N–H shifts at 7.23 and 
6.93 ppm. These N–H shifts appear in the common area for N–H 
calixpyrrole protons, where no H-bond seems to occur. In addition, 
compound 4 (Chart 1) displays the greatest N–H shift at 8.56 ppm.[9] Even 
though this signal is not assigned by the author, it presumably shifts due to the 
formation of the hydrogen bond with the ester carbonyl. However, lack of 
rigidity in the system because of the presence of the –CH2– spacer may be the 
reason for this not-so-great shift observed. In addition, the nature of 
the carbonyl group, which is less electron-donating than that in 1 and 2, may 
also play an important role in the intensity of the hydrogen interactions. 
In order to determine the influence that the electron donor characteristics of the 
dimethylamino group have on the intensity of the hydrogen bond, 
compound 3 was studied by NMR spectroscopy. The quaternary ammonium 
group should deactivate the hydrogen bond acceptor ability of 
the carbonyl oxygen by an inductive effect. This is corroborated by the 1H-
NMR spectrum of 3, where the N–Ha proton appears at 8.29 ppm, this being a 
decrease of 0.61 ppm if compared with 1. Thus, a comparison made among 
these five compounds evidences the relationship between the donating power 
of the groups linked to the carbonyl group and the N–Ha shift. 
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X-­‐ray	  diffraction	  studies	  
Slow evaporation of a CH3CN solution of 1 allows the isolation of high quality 
crystals. On the other hand, weak single crystals of compound 2 are also 
obtained by slow CH3CN–hexane solution evaporation. Both bulk crystals are 
useful for X-ray studies.  
 
The X-ray data reveal that calixpyrrole compounds 1 and 2 adopt a 1,3-
alternate conformation in the solid state (Fig. 3).  
As expected, the crystal structures of compounds 1 and 2 show the presence of 
a strong intramolecular H-bond in both cases, which involves the acyl oxygen 
of the carbonyl group and the N(4)–H proton of the adjacent pyrrole ring. As a 
result, the distance C(10c)–O H in 1 and 2 is longer than that specified for 
aromatic ketones (1.218 Å)[10] (Table 1). 
Table 1 Summary of the atomic distances and angles between planes 
  
 
1 2 
Atomic distances (Å) dH-bond 2.879 2.862 
C(10c)–O(11c)
H 
1.2414 
(0.0031) 
1.2442 
(0.0087) 
Angle between dimethylamino 
and pyrrole ring plane (°) 
Dimethylamino 
ring : pN1 
57.62 
(0.11) 
64.26 
(0.27) 
Angle between the planes formed 
by the pyrrole rings (°) 
pN1 : pN3 11.73 
(0.13) 
11.73 
(0.13) 
pN2 : pN4 24.78 
(0.14) 
33.55 
(0.30) 
 
Chapter	  2	  
 
 91 
  
 
Fig. 3. (top) Asymmetric unit of compound 1. (bottom) Asymmetric unit of compound 2. 
Thermal ellipsoids indicate the atom positions at probability levels of 50%. H atoms are 
omitted for clarity purposes 
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The X-ray data of compounds 1 and 2 reveal that, in both cases, coplanarity 
between pyrrole N(1) and the aniline ring is sacrificed in order to adopt the 
optimal geometry to establish the H-bond. In compound 2, the substituent 
of pyrrole N(3), which does not form the H-bond, presents non-coplanarity due 
to the steric effects related with the dimethylamino ring of the other 
substituent. 
In both compounds 1 and 2, the planes formed by the opposing pyrrole rings 
N(1) and N(3) are practically parallel: 11.73 (0.13)° for compound 1 and 2.81 
(0.30)° for 2. The difference lies in the angle between the planes formed by N(4) 
and the opposite N(2), which is 24.78 (0.14)° for 1 and 33.55 (0.30)° for 2. This is 
due to the presence of the H-bond, which provides a gentle folding of the box 
framework (see ESI). 
Complexation	  studies	  	  
Before starting the complexation studies, the possibility of any type of self-
assembly in compounds 1 and 2 was considered. 
Thus, NMR experiments at different concentrations (from 0.5 × 10−1 to 10−4 M in 
CD2Cl2) were carried out. Concentration seems not to have any influence on the 
chemical shift of the different hydrogen atoms (pyrrole and phenyl rings) 
which suggests that there is no appreciable association between different 
molecules of the ligands. In that sense, NMR spectra at low temperature were 
registered and the changes observed (from 296 to 200 K) agree with a 
reinforcement of the hydrogen bond but not with any inclusion of the phenyl 
group into the calixpyrrole cavity (see ESI). 
After establishing that no appreciable intermolecular association was observed 
in the ligands and in order to gain a better understanding of the influence that 
the conformational restriction has on complexing properties, complexation 
studies in CD2Cl2 with different anions (F−, Cl−, AcO−, H2PO4−, HSO4−, BzO−, p-
TsO−, all of them as TBA salts) were carried out. Thus, the 0.01 M solutions of 
compound 1 in CD2Cl2 in the presence of increasing amounts of anions were 
studied by 1H NMR (Fig. 4). 
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Fig. 4. 1H NMR titrations of 0.01 M CD2Cl2 calixpyrrole 1 solutions with (top) nothing, 
(middle) 2 equiv. TBACl, (bottom) 5 equiv. 
As expected, as the anion concentration increases, the N–Hb,c,d proton signals 
shift downfield, which indicates an effective coordination of the anion with 
these protons. However, N–Ha exhibits a less marked shift than those for N–
Hb,c,d, (i.e., ΔδHa/ΔδHc,d = 0.52 after addition of 5 equiv. of TBACl). This fact 
suggests that the N–Ha proton participates less in the bonding process. 
Furthermore, the slight displacement that N–Ha undergoes may be due to the 
coordination of the anion with N–Hb, which makes the aromatic ketone system 
more electron-donating and reinforces the hydrogen bond at the same time 
(Fig. 5). This suggestion agrees with the C O stretching band in the 
corresponding complexes that show a similar value to that of the free 
ligand (for example, 1592 cm−1 for the complex with chloride). In addition, 1H 
NMR experiments at low temperature demonstrated that even though all the 
???????????????????????????????????
???
Ha Hb Hc,d
!"Ha=1.53ppm !"Hc,d=2.92ppm
1 + 5 equiv.
of TBACl
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1
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NH signals are lowfield shifted as the temperature decreases, the changes 
observed in N–Ha are lower than in the other signals. In the same sense, the 
signal width for N–Ha is kept in opposition to the other signals that are 
becoming broader. Finally, it has been reported that in the chlorine complex 
with the parent calixpyrrole the difference of energy between the cone and the 
partial-cone complex in CH2Cl2 is 8.1 kcal mol−1.[11] In compound 1 this 
difference of energy seems to be compensated by the hydrogen-bond with 
the carbonyl group.  
 
Fig. 5. Hydrogen bond reinforcement after anion complexation. 
The fact that the N–Ha proton remains H-bonded to the ketone group, even in 
the presence of large amounts of anionic guests, may lead to new possibilities 
in host–guest affinity constant tuning: when N–Ha is H-bonded with the ketone 
group, the rotation of the whole pyrrole ring supporting N–Ha is blocked 
around the C3–C4 axis. Thus in the presence of an anion, only three pyrrole 
rings can effectively be oriented to match the best position for guest 
coordination. In principle, this should result in a considerable reduction of the 
affinity constants towards all guests. 
However, when comparing the Ka values with the parent OMCP under the 
same conditions, some surprising results can be seen (Table 2). Thus if 
((Ka − Ka(OMCP))/Ka(OMCP)) is plotted and normalised, the Ka of the tetrahedral 
tridentate ligands based on sulphur atoms rises towards compound 1, at 
around 100% for p-TsO−, 350% for HSO4− and 550% for MsO−, while the Ka of 
the remaining studied anions lowers in the order of 50–100% (Fig. 6). This fact 
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can be related to the new tridentate nature of the host, which would prove a 
better match for the geometry of the tetrahedral anion. 
  
Fig. 6. Relative increment of the complexation constants of calixpyrroles 1 and 2 for diverse 
anions when compared with the OMCP results. 
 
Table 2. Association constants (Ka, M−1) of the parent OMCP and 
synthesised calixpyrrole derivatives 1 and 2 with different anions determined by 1H 
NMR at 298 K. Anions were added as 0.1 M dichloromethane-d2 solutions of their Bu4N+ 
(TBA) salts to 0.01 M solutions of the receptor in dichloromethane-d2. Binding constants 
were calculated using the EQNMR software.[12] b The measured proton signal broadens 
due to deprotonation. 
  OMCP 1 2 
F− 17 170 ± 900 b b 
Cl− 350 ± 5 50 ± 2 29 ± 1 
AcO− 128 ± 9 68 ± 11 58 ± 5 
H2PO4− 97 ± 4 11 ± 1 2 ± 1 
HPO42− 140 ± 4 32 ± 1 11 ± 1 
HSO4− <5 22 ± 3 29 ± 3 
p-TsO− <2 4 ± 1 22 ± 3 
MsO− 7 ± 1 46 ± 5 24 ± 4 
 
When compound 2 is titrated with the same anions, a similar tendency on the 
affinity for these species is observed. The presence of two H-bond acceptors 
near N–Ha should further stabilise the 1,3-alternate conformation by leaving 
just one ring with rotational freedom. This restriction gives rise to even higher 
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complexing constants for HSO4− and p-TsO−. However, this marked tendency is 
not observed for MsO−. 
Sensing	  experiments	  
Displacement	  chemosensor	  for	  sulphonates.	  
The affinity of 1 and 2 for sulphonate and alkylsulphonate anions led us to 
speculate about the capacity of these calixpyrroles to act as a new branch of 
chemosensors to detect these species. 
As displacement chemosensors involving calixpyrroles have proven to yield 
good results,[13,14] a displacement chemosensor complex involving 
compound 1 and the p-nitrophenolate anion was built and its sensing 
possibilities were evaluated. Thus, aliquots of 1 × 10−3 M solutions 
of calixpyrrole 1 were added to a 1 × 10−5 M solution of tetrabutylammonium p-
nitrophenolate in DCM at 25 °C until the principal absorption band of the 
yellow coloured anion disappeared (20 equiv. of 1). 
Fig. 7 shows the change in the main absorption band of the p-nitrophenolate at 
430 nm during titration. This decrease in absorbance is attributed to the 
formation of the p-nitrophenolate·(1) complex (Ka = 37 ± 9 M−1).  
 
Fig. 7. Decrease in the absorption band of the p-nitrophenolate anion (1 × 10−5 M in CH2Cl2) 
upon the addition of calixpyrrole 1 in CH2Cl2 (from 0 to 20 equiv. at 25 °C). 
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At this point, aliquots of a 1 × 10−2 M solution of methylsulphonate 
in dichloromethane (as TBA salt) were added, and the solution recovered its 
original yellow colour, indicating the effective binding of sulphonate after the 
displacement of the p-nitrophenolate (Fig. 8). The minimum detectable 
absorbance change for this system was recorded after the addition of 0.25 
equiv. of mesylate, which indicates a detection limit of 238 ppb according to the 
equation DL = K × Sb1/S, where K = 3, Sb1 is the standard deviation of the 
blank solution and S is the slope of the calibration curve.[15] 
 
Fig. 8. UV spectra of p-nitrophenolate·calixpyrrole-1 complex (1 × 10−5 M and 2 × 10−4 M in 
CH2Cl2) upon the addition of tetrabutylammonium mesylate in CH2Cl2 (from 0 to 50 equiv. 
from a 1 × 10−2 M stock solution) at 25 °C 
Acid	  chemosensor.	  
Compounds 1 and 2 were evaluated in sensing experiments in the presence of 
some acids (HCl, HClO4, H2SO4, p-toluenesulphonic acid, benzenesulphonic 
acid in acetonitrile solutions) (Fig. 9).   
The sensing paradigm is based on the presence of two active sites in the 
molecule: the amino group, which can be protonated with a concomitant colour 
change, and the calixpyrrole moiety, able to coordinate the corresponding 
anion, giving rise to a colour modulation. 
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Fig. 9. UV spectra of compound 1 (1 × 10−4 M in acetonitrile) in the presence of 10 equiv. of 
different acids. 
Firstly, these experiments demonstrate that the protonation reaction under 
these conditions is a slow process in non-polar solvents, while it is practically 
instantaneous in water. This fact seems to relate to the strong hydrogen bond 
present in the sensors, which has to be broken for protonation to take place. In 
the presence of acids, protonation of the amino group occurs; as this reaction 
changes the electronic properties of the amino group, a charge transfer band of 
around 500 nm appears (Fig. 9). In addition, some sensing selectivity, related to 
the anion complexation in the calixpyrrole cavity, is observed. Thus, no 
coordinating anions, such as ClO4−, show the new band at 512 nm due to 
protonation, although other coordinating anions give rise to a hypsochromic 
shift (500.0, 504.5, 506.0, 506.5 nm for Cl−, p-TsO−, PhSO3− and HSO4−). The 
changes observed in the absorption band are not due to acidity, but to the 
association constants between the ligand and the corresponding anion 
generated in the protonation process (see ESI). Even though the observed 
modifications are not overly large, the colour change is clear enough to be 
detected by the naked eye. 
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Conclusions 
Two new calix[4]pyrroles, mono- (1) and di- (2), substituted in the C-rim, were 
prepared. The strong hydrogen bond formed between the carbonyl group of 
the substituent with a hydrogen atom of the pyrrole moiety precludes the usual 
conformation change (from 1,3-alternate to cone) in the complexation process. 
This fact leads to an inversion in the complexation affinity when compared 
with the parent compound. The most marked increase in affinity is observed in 
the tridentate anions based on a sulphur atom. This selectivity can be used in 
sensing alkylsulphonates following the displacement approach. The 
prepared ligands are also able to detect different acids. In this case, sensing 
selectivity is based on protonation, followed by coordination of the generated 
anion, and can be observed by the naked eye. 
Experimental section 
General	  methods	  
All the synthetic manipulations were performed in a dry argon atmosphere 
using standard techniques. meso-Octamethyl-calix[4]pyrrole (OMCP) was 
prepared according to the procedures described in the literature. 
The tetrabutylammonium salts of methanesulphonic acid and p-
nitrophenol were prepared by the addition of 1 equiv. of tetrabutylammonium 
hydroxide to the neutral compound in dichloromethane. After solvent 
evaporation, all the TBA salts were kept in a vacuum oven at 40 °C for at least 
24 h prior to use. Tetrahydrofuran was distilled over Na prior to use. The other 
materials were purchased and used as received. The 1H and 13C NMR 
spectra were recorded using a Bruker DRX-500 spectrometer (500 MHz for 1H 
and 126 MHz for 13C) and a Bruker Avance 400 MHz (400 MHz for 1H and 100 
MHz for 13C). HRMS were recorded using a Shimadzu QP5050A. Absorption 
spectra were recorded with a Shimadzu UV-2101PC spectrophotometer. 
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Syntheses	  
Synthesis of calixpyrrole 1. 2 g (4.66 mmol) of OMCP was dissolved in 250 mL 
of dry THF in an argon atmosphere. The mixture was cooled to −78 °C, and 
after 5 min, 18.66 mmol of a 1.43 M BuLi in hexane solution was slowly added. 
After 1 h, the mixture was heated to 0 °C for 2 min, and cooled back down to 
−78 °C. At that time, a p-dimethylaminobenzoyl chloride solution (600 mg (3.26 
mmol) in 50 mL of dry THF) was dropwise added, and the reaction was 
allowed to warm overnight. TLC revealed the formation of the desired product 
(Rf: 0.35 EtOAc : Hex 2 : 8). Next, 1 mL of water was added, and THF was 
evaporated. Later, the residue was dissolved in EtOAc, washed twice with 10% 
NH4Cl, and the aqueous layer was extracted with EtOAc (3 × 50 mL). 
Combined organic layers were washed with a NaCl (sat) solution and dried 
with MgSO4. The solvent was evaporated and the mixture was purified 
by column chromatography (Hex : EtOAc 9 : 1 as an eluent) over an Et3N-
neutralised silica. Later, products (disubstitution isomers) were eluted with 
EtOac : Hex mixtures (2 : 8 to 4 : 6). The yellowish foamy product weighed 549 
mg, yielding 29.2%. RF: 0.35 (2 : 8 EtOAc : Hex, silica). m.p.: 118 °C 
(decomp). IR (cm−1): 3553, 3330, 3317, 3300, 2967, 2930, 2869, 2810, 1590, 1428, 
1359, 1261, 1229, 1164, 1039, 919, 890, 769. 1H NMR (500 MHz, CD2Cl2) δ 8.90 (s, 
1H), 7.92 (d, J = 9.1 Hz, 2H), 7.47 (s, 1H), 7.12 (s, 1H), 7.05 (s, 1H), 6.74 (d, J = 9.1 
Hz, 2H), 6.02 (d, J = 3.0 Hz, 1H), 5.97–5.93 (m, 1H), 5.92 (d, J = 2.7 Hz, 2H), 5.91 
(d, J = 2.9 Hz, 1H), 5.90–5.82 (m, 2H), 3.10 (s, 6H), 1.61 (s, 6H), 1.60 (s, 6H), 1.53 
(s, 6H), 1.51 (s, 6H) ppm. 13C NMR (126 MHz, CD2Cl2) δ 193.39, 153.44, 139.96, 
139.18, 138.69, 138.66, 138.62, 137.76, 137.63, 135.41, 132.36, 126.60, 119.31, 
110.46, 107.33, 102.92, 102.80, 102.31, 102.19, 101.93, 39.91, 36.53, 35.14, 35.02, 
34.85, 28.78, 28.28, 28.06, 27.23 ppm. HRMS: calculated for C37H46N5O [M + 
H]+ 576.3697, found 576.3704. 
 
Synthesis of calixpyrrole 2. 2 g (4.66 mmol) of OMCP was dissolved in 250 mL 
of dry THF in an argon atmosphere. Then the mixture was cooled to −78 °C, 
and after 5 min, 18.66 mmol of a 1.43 M BuLi in hexanes solution was slowly 
added. After 1 h, the mixture was heated to 0 °C for 2 min, and cooled back 
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down to −78 °C. At that time, a p-dimethylaminobenzoyl chloride solution 
(1.715 g (9.32 mmol) in 50 mL of dry THF) was dropwise added, and the 
reaction was allowed to warm overnight. TLC revealed the formation of the 
desired product (Rf: 0.37 EtOAc : Hex 4 : 6). Next, 1 mL of water was added 
and THF was evaporated. Later, the residue was dissolved in EtOAc, washed 
twice with 10% NH4Cl, and the aqueous layer was extracted with EtOAc (3 × 
50 mL). Combined organic layers were washed with a NaCl (sat) solution and 
dried with MgSO4. The solvent was evaporated and the mixture was purified 
by column chromatography (EtOAc : Hex 2 : 8 to 4 : 6) over an Et3N-
neutralised silica. The yellow solid product weighed 620 mg, yielding 
18.4%. RF: 0.37 (4 : 6 EtOAc : Hex, silica). m.p.: 132 °C (decomp). IR (cm−1): 3455, 
3430, 3372, 3202, 3153, 3097, 2969, 2929, 2879, 2805, 1704, 1593, 1427, 1372, 1259, 
1231, 1165, 1047, 893, 769. 1H NMR (400 MHz, CD2Cl2) δ 9.49 (s, 1H), 7.86 (d, J = 
9.1 Hz, 4H), 7.32 (s, 2H), 7.26 (s, 1H), 6.70 (d, J = 9.0 Hz, 4H), 6.04 (d, J = 3.0 Hz, 
2H), 6.00 (d, J = 2.7 Hz, 2H), 5.97 (d, J = 2.7 Hz, 2H), 3.08 (s, 12H), 1.70 (s, 12H), 
1.54 (s, 12H) ppm. 13C NMR (101 MHz, CD2Cl2) δ 192.99, 153.23, 140.37, 138.68, 
137.84, 135.35, 132.20, 127.13, 118.91, 110.42, 107.23, 103.62, 102.59, 39.83, 36.82, 
35.01, 28.67, 26.88 ppm.HRMS: calculated for C46H55N6O2 [M + H]+ 723.4374, 
found 723.4395. 
 
Synthesis of calixpyrrole 3. Firstly, 100 mg (0.17 mmol) of 1 was dissolved in 
25 mL of dry CH3CN in an argon atmosphere. Then, 200 µL (3.22 mmol) of 
CH3I was added and the mixture was refluxed for 24 h. After this time, the red 
precipitate was filtered off, obtaining 29 mg, 23.2%. IR (cm−1): 3316(b), 3295(b), 
3106, 2970, 2926, 2872, 1716(w), 1642, 1494, 1462, 1428, 1362, 1253, 1049, 773. 1H 
NMR (400 MHz, CD3CN) δ 8.17 (s, 1H), 8.02 (d, J = 9.0 Hz, 2H), 7.93 (s, 1H), 7.88 
(d, J = 8.7 Hz, 2H), 7.79 (s, 1H), 7.36 (s, 1H), 6.05–5.78 (m, 7H), 3.61 (s, 9H), 1.69 
(s, 6H), 1.56 (d, J = 6.5 Hz, 12H), 1.48 (s, 6H) ppm. 
NMR	  titration	  studies.	  
They were carried out in a Bruker Avance 400 MHz spectrometer at 298 
K. Titration was performed by addition of different TBA salt aliquots (0.1 
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Mdichloromethane-d2) to 0.5 mL of a 0.01 M solution of 
OMCP, calixpyrrole derivatives 1 or 2 in dichloromethane-d2. The data analysis 
and stability constants were obtained by least-squares fitting with the 
EQNMR[12] software. The N-Hb proton shift was measured and the binding 
profile was fitted to a 1 : 1 complex model. 
Crystal	  structure	  data	  collection	  and	  refinement.	  
Intensity data were collected at 120(2) K with an Oxford Diffraction S 
Ultra diffractometer equipped with a Mo co-mounted (λ = 0.71073 Å) enhance 
X-ray sapphire CCD detector. Structures were solved by direct methods and 
refined by full-matrix least-squares using SHELX-97.[16,17] All the non-hydrogen 
atoms were refined anisotropically. Hydrogen atoms were geometrically 
constructed with fixed displacement parameters, except Ha, which was 
isotropically refined. Molecular graphics of the structures (Fig. 3) were 
produced with Crystalmaker. Solution, refinement, geometrical calculations 
and graphics were performed with the WinGX package.[18] The experimental 
data are shown below. (1) CCDC 879852 and (2) CCDC 879855 contain the 
supplementary crystallographic data for this paper. 
Single-­‐crystal	  structure	  of	  1.	  
C37H45N5O, Mr = 575.78, T = 120(2) K, monoclinic, space group P21/c, a = 
13.1700(7) Å, b = 12.2955(5) Å, c = 20.5036(9) Å, α = γ = 90°, β = 103.669(5)°, V = 
3226.15 Å3, Z = 4, ρcalcd = 1.185 g cm−3, crystal size = 0.13 × 0.08 × 0.04 mm, µ = 
0.0072 mm−1, reflections collected 15 338, unique reflections = 5686, 
data/restraints/parameters 5686/0/404, GOF on F2 1.0350, Rint for independent 
data 0.0584, final R1 = 0.0603, R indices (all data): R1 = 0.1243, wR2 = 0.1513, 
largest diff. peak and hole: 0.20 and −0.236 e Å−3. 
Single-­‐crystal	  structure	  of	  2.	  
C46H54N6O2, Mr = 722.95, T = 120(2) K, triclinic, space group P , a = 10.051(3) 
Å, b = 10.220(5) Å, c = 20.088(7) Å, α = 76.98(4)°, β = 76.86(3)°, γ = 86.88(3)°, V = 
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1957.7(13) Å3, Z = 2, ρcalcd = 1.226 g cm−3, crystal size = 0.06 × 0.03 × 0.02 mm, µ = 
0.076 mm−1, reflections collected 8850, unique reflections = 5810, 
data/restraints/parameters 5810/84/508, GOF on F2 0.972, Rint for independent 
data 0.0957, final R1 = 0.1000, R indices (all data): R1 = 0.2362, wR2 = 0.1997, 
largest diff. peak and hole: 0.271 and −0.292 e Å−3. 
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2.4. Binding and fluorescent sensing of 
dicarboxylates by a bis(calix[4]pyrrole)-substituted 
BODIPY dye. 
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Abstract 
A bis(calyx[4]pyrrole)-substituted BODIPY ditopic receptor 1 has been synthesized 
and characterized. The binding and sensing properties of 1 towards several aliphatic 
and aromatic dicarboxylates have been evaluated by using UV-vis fluorescence and 
1H-NMR spectroscopies. The receptor strongly binds linear ?,?-dicarboxylates of 
appropriate lengths (C9 and C10) by acting as a cleft. With all dicarboxylates the 
binding event is detected by a bathochromic shift in the UV-vis spectra of the receptor 
and by a strong quenching of its fluorescence. 
Keywords	  
Chemosensors / ?,?-dicarboxylates / Calix[4]pyrrole / BODIPY/ 
Fluorescence 
Introduction 
The development of neutral receptors for the recognition and sensing of anions 
is a key research area in supramolecular chemistry.[1] Among the different 
anions, dicarboxylates are highly attractive targets since they play fundamental 
roles in many chemical and biochemical processes.[2] Regarding sensors, 
fluorescent and colorimetric chemosensors have received special interest given 
their high sensitivity and easy detection methods. In general, these sensors are 
built by attaching a binding moiety to a fluorescent or chromogenic signalling 
unit in such a way that the anion complexation at the binding site induces an 
observable change in the phothophysical properties of the signalling unit. 
Several receptors for carboxylates and dicarboxylates have been reported, most 
of which are based on neutral hydrogen-bond donors such as amides, ureas 
and thioureas.[3] Calix[4]pyrroles are another class of neutral receptors for 
anions which have been used to design fluorescent chemosensors, although 
less attention has been paid to them.[4] On the other hand, boron-
dipyrromethene (BODIPY) derivatives are an interesting class of luminescent 
signalling units to be incorporated into chemosensors. BODIPY-based dyes 
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have undergone vast development in recent years due to their easy syntheses, 
remarkable spectroscopic properties and high chemical- and photostability. 
The simplest BODIPY absorbs and emits within the range of 500 nm, but 
absorbance (and the corresponding fluorescence emission) can be red-shifted 
by covalently attaching conjugated ?-electron donor substituents to the 
BODIPY core.[5] This strategy can be used in the construction of colorimetric or 
fluorescent chemosensors by using a receptor whose electron donating 
properties are modulated by coordination with the desired species.[6] 
 
Chart 1. Structure of compounds 1 and 2  
Quite recently, a 8-(p-bromophenyl)-substituted BODIPY with two pending 
calix[4]pyrrole units has been reported by Shao,[7] and its binding and sensing 
properties towards several organic and inorganic small anions (F-, AcO-, H2PO4- 
and Cl-) have been studied by UV-vis absorption and fluorescence emission. 
Calixpyrroles are connected to the BODIPY by a styrene linker which extends 
the ?-conjugation of the system. Upon anion coordination the intramolecular 
charge transfer (ICT) process from the electron-rich calix[4]pyrrole to the 
electron-withdrawing BODIPY core increases, resulting in a red shift of the 
absorption band and a quenching of fluorescence, also attributed to an ICT 
process. 
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In the course of our research into chemical receptors and sensors for 
dicarboxylates, we have independently prepared a very closely related 
BODIPY-based bis calix[4]pyrrole ditopic receptor 1, and have extended this 
study towards the recognition and sensing of aliphatic ?,?-dicarboxylates 
and aromatic dicarboxylates of different chain lengths. We reasoned that only 
those dicarboxylates with appropriate lengths would form very stable 1:1 
complexes involving the simultaneous coordination of both calixpyrroles to 
both terminal carboxylate moieties. The enhancement of the ICT process upon 
dicarboxylate coordination should lead to changes in the UV-vis spectra and in 
the fluorescence properties of the receptor. Moreover, this binding process 
should also bring about the quenching of the fluorescence emission of the dye 
either via PET or ICT, similarly to that observed for other dye-substituted 
calixpyrroles.[4,6] 
Results and Discussion 
Synthesis	  and	  spectroscopic	  properties	  of	  the	  receptors	  
Bis-calix[4]pyrrole receptor 1 was prepared by a Knoevenagel condensation of 
tetramethyl BODIPY 3 with two equivalents of calix[4]pyrrole-?-carbaldehyde 
4 in the presence of piperidine and acetic acid in 33 % yield (Scheme 1). For 
comparison purposes, monosubstituted BODIPY derivative 2 was also 
synthesized in 34 % yield from the condensation of 3 with only one equivalent 
of the calixpyrrole-carbaldehyde 4. In both syntheses, different amounts of the 
mono- or the disubstituted BODIPY derivatives were also isolated as by-
products. Compounds 1 and 2 were fully characterised by 1H and 13C-NMR 
spectroscopy and HR-MS. The C2 symmetric structure of 1 was confirmed by 
the reduced number of signals present in the 1H- and 13C-NMR spectra. 
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Scheme 1. Synthesis of receptor 1 
The spectroscopic properties of 1 and 2 were studied in THF as a solvent. 
Figure 1 depicts the absorption and normalised emission spectra of 1. The UV-
vis spectrum of compound 1 shows an intense absorption band at ?max= 672 
nm (ϵ = 1.09 x 105 cm-1M-1) with a shoulder at 618 nm, corresponding to the S0 
→ S1 (?- ?*) (0‒0) and (0‒1) transitions of the BODIPY chromophores, and a 
weaker broad band at around 350 nm which can be assigned to a S0 to S2                                        
(?-?*) transition.[8] 
 
Figure 1. The absorption (black) and emission (normalised, grey) spectra of 1 in THF at 
room temperature. The excitation wavelength used for the fluorescence spectrum was 672 
nm. 
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If we compare with the parent BODIPY dye 3 (?abs= 500 nm in THF),[9] the 
absorption band of 1 is red-shifted by 172 nm. This can be attributed to an 
increase in conjugation on grafting pyrrolvinyl moieties at the 3,5 positions and 
to an intramolecular charge transfer contribution in the lower energy transition 
from the electron-rich conjugated pyrrole to the electron-withdrawing BODIPY 
unit.[5b] 
The emission spectrum of 1 showed a strong luminescence band at ?em= 698 
nm (?exc= 672 nm). The fluorescence quantum yield of a 10-5M solution of 1 in 
THF was calculated as ΦF = 0.38 using zinc phtalocyanine (ΦF = 0.30 in toluene-
1% pyridine) as a standard. [10] 
Compound 2 presented very similar spectroscopic features, with ?abs= 589 nm 
(ϵ = 53470 cm-1M-1) in THF solution and an emission band at ?em= 615 nm. The 
bathochromic shifts of the optical transitions, as compared to parent BODIPY 3, 
were less pronounced than for compound 1, which is in agreement with the 
presence of only one pyrrole ring conjugated with the BODIPY unit. 
Anion-­‐binding	  and	  sensing	  studies	  
The recognition and sensing properties of ditopic receptor 1 towards 
dicarboxylate anions in solution were tested with several aliphatic ?,?-
dicarboxylates of different chain lengths (C2, C5 and C7-C12) and with three 
aromatic naphthalene dicarboxylates (N1-N3), all of which as their 
tetrabutylammonium (TBA) salts (see Figure 2). 
 
Figure 2. The aliphatic and aromatic dicarboxylates used in this study. 
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Acetate anion (as its TBA salt) was also tested as a model of simple aliphatic 
carboxylate anions. 
The anion-binding ability of 1 was evaluated by UV-vis titrations in THF as a 
solvent. Upon the addition of increasing concentrations of the guest anions to a 
10-5 M solution of receptor 1 in THF, the main absorption band experiences a 
decrease in its intensity along with a bathochromic shift, most probably due to 
an increase in the ICT process in the excited state. For instance in the titration 
of 1 with dicarboxylate C10 (see Figure 3) the intensity of the main peak at 672 
nm gradually diminished while a new peak corresponding to the host-guest 
complex appeared at 704 nm. These changes in the UV-vis spectra were 
accompanied by a slight change in the solution colour from green to greenish-
blue, which was observed by the naked eye. 
 
Figure 3. UV-vis titration of 1 in THF (1x10-5M) with increasing amounts of C10 (0 to 5 
equiv). 
The stoichiometries and the association constants of the host-guest complexes 
of 1 with the different anions were calculated from the titration curves using 
the SPECFIT/32TM program.[11] The results are summarised in Table 1. 
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Table 1. Stoichiometries and binding constants (log Ka) for receptor 1 with the TBA salts of 
dicarboxylates (and acetate) in THF at 25 ºC, calculated by UV-vis titrations using SPECFIT. 
Anion (A) LA complex LA2 complex 
C2  4.4 ± 0.5   9.4 ± 0.4 
C5 4.7 ± 0.3 10.5 ± 0.1 
C7 5.1 ±0.1 10.7 ± 0.1 
C8 5.9 ± 0.3 11.8 ± 0.4 
C9 7.1 ± 0.2 13.1 ± 0.2 
C10 7.7 ± 0.3 13.9 ± 0.4 
C11 6.7 ± 0.1 12.8 ± 0.1 
C12 6.5 ± 0.1 12.8 ± 0.1 
N1 7.1 ± 0.6 12.4 ± 0.6 
N2 6.6 ± 0.2 12.1 ± 0.2 
N3 6.8 ± 0.5 11.8 ± 0.5 
AcO- 5.8 ± 0.3 11.1 ± 0.2 
 
When the association constants for the 1:1 complexes of 1 with the aliphatic 
dicarboxylates (C2-C12) were plotted vs. the number of methylene groups in 
the chain (n), the Ka values remarkably increased as chain length extended (see 
Figure 4). 
 
 
Figure 4. Association constants (log K) for the 1:1 complexes between 1 and several 
aliphatic ?,?-dicarboxylates 
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This plot reached a maximum for sebacic dianion C10 (n=8, log Ka= 7.7) and 
then slowly decreased again as the size of the dicarboxylates further enlarged. 
This high association constant with C10 could be consistent with a cyclic 1:1 
complex, involving the binding of both terminal carboxylates of the guest 
dianion to both calixpyrroles of the receptor. It is quite likely that the length of 
this dicarboxylate (ca. 11-12 Å in its extended conformation, calculated using 
molecular mechanics at the MM2 level) is that which would best fit the space 
between both calix[4]pyrroles. In contrast for shorter dicarboxylates, such as C2 
or C5, their small size would preclude or would complicate the simultaneous 
coordination of both calixpyrroles to the guest. 
In Figure 5 are represented the speciation diagrams of the LAx complexes 
between 1 and the different anions (dicarboxylates C7 and C10 and acetate) as 
a function of anion concentration, calculated from the titration curves using the 
SPECFIT program. 
 
 
Figure 5. Speciation distribution diagrams for the UV-vis titrations of 1 with a) C7; b) C10 
and c) AcO- using SPECFIT. 
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In all cases 1:2 (receptor/carboxylate) binding stoichiometries dominated at 
high anion concentrations. However in the presence of one equivalent of the 
anion, the 1:1 complex was by far the dominant species in solution for C10, 
while for C7 or acetate anion mixtures of 1:1 and 1:2 complexes and free 
receptor were observed. 
Furthermore, the relatively high values of the association constants obtained 
for the 1:1 complexes between 1 and the naphthalene dicarboxylates, as 
compared to those obtained with aliphatic dicarboxylates of similar lengths 
(C5-C8), could be due to the rigidity of the guest and to some additional 
stabilising effect involving the aromatic rings. For instance, the log K value of 
the 1:1 complex between 1 and N3 (6.8) was two orders of magnitude higher 
than that of the 1:1 complex between 1 and C5 (4.7), even though both dianions 
presented similar intercarboxylate distances (ca. 5.3 Å). 
For comparison purposes we decided to use UV-vis spectroscopy to also study 
the binding properties of receptor 2, bearing only one calix[4]pyrrole unit, 
towards two representative aliphatic dicarboxylates, C5 and C10. As observed 
for receptor 1, addition of the dicarboxylates to a THF solution of 2 induced a 
red-shift of the absorption band of ca. 18 nm and a change in the solution 
colour from bright pink to purple-blue. The association constant values (log Ka) 
obtained for both 1:1 complexes in THF were similar, 5.60 ± 0.11 for C5 and 
5.08 ± 0.05 for C10. These values fell in the range of those obtained for the 1:1 
complexes between 1 and the shortest dicarboxylates (and also with acetate), 
and were two orders of magnitude lower than the association constant values 
of the complexes between 1 and C9 or C10. This fact once again supports the 
cyclic structure of the 1:1 complex between 1 and the longer dicarboxylates, 
and involves the simultaneous coordination of both ending carboxylate 
moieties to both calixpyrrole units. 
NMR	  studies	  
In order to gain a better insight into the complexation event and the structures 
of the complexes between 1 and some of the dicarboxylates, NMR studies were 
undertaken. In the 1H-NMR titration experiments, the expected low-field shift 
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of the NH signals was observed as complexation occurred (see Figure 6). In 
addition, a shielding effect was noted on both the olefinic (Hc) and the beta-
pyrrolic (He) protons at 7.1 and 6.4 ppm, respectively. This is consistent with a 
higher electron-donation from the pyrrolic system to the BODIPY moiety. 
In addition, clear differences in the 1H-NMR spectra were seen depending on 
the anion used in the titration experiment. Thus, shifts were bigger for sebacic 
dianion (C10) than for acetate carboxylate (see Figure 6 for acetate and sebacic 
anions). For instance, the NH signals were shifted around 3 and 0.3 ppm when 
1 equivalent of anion (C10 or AcO-) was added. Further addition of acetate 
until 2 equivalents caused a similar shift of the NH protons (up to 0.7 ppm) 
whereas 4 equivalents of sebacic dicarboxylate (C10) were required to reach a 4 
ppm shift for the NH. A less intense but similar behaviour was observed for 
the shift in the olefinic and beta-pyrrolic protons (shifts of 0.02 ppm for 1 equiv. 
of acetate and at around 0.2 ppm for 1 equiv. of sebacic anions).  
 
Figure 6. 1HNMR spectra (selected regions) of a) 1; b) 1 + 1 equiv of AcO-; c) 1 + 2 equiv. of 
AcO-; d) 1 + 1 equiv. of C10 and e) 1 + 4 equiv. of C10. 
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These data were consistent with the formation of a strong 1:1 complex in the 
case of sebacic anion. 
Very interesting results were obtained from the fluorescence measurements of 
receptor 1 in THF in the presence of increasing amounts of TBA dicarboxylates. 
The emission spectra of 1 in the presence of excess guest anions showed 
significant changes. In all cases, the fluorescence emission maxima shifted 
bathocromically upon the binding of the carboxylate guest to the calixpyrrole 
receptor, and its intensity dramatically decreased at the same time. This strong 
quenching of fluorescence upon coordination to the anions is in agreement 
with a PET process involving the coordinated pyrrole rings, as previously 
reported for other calix[4]pyrrole-based fluorescent anion sensors, while the 
emission maxima shift can be attributed to a change in the donor acceptor 
electronic properties of the molecule (an increase in the ICT process as a result 
of the charge donation from the carboxylate moieties).  
 
 
Figure 7. The fluorescence emission spectra of 1 (10-5 M in THF) in the presence of 
increasing amounts of C10 (0 to 5 equiv). ?exc = 672 nm. 
Figure 7 depicts an example of the fluorescence quenching of 1 (10-5 M in THF) 
in the presence of increasing amounts of dicarboxylate C10. 
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Upon the addition of 1 equiv of C10, the intensity of the fluorescence emission 
was quenched by ca. 80 % while this emission almost disappeared (< 5 %) in 
the presence of 1.8 equiv of the anion. 
 
Figure 8. Simplified interaction model between 1 and C10 leading to a quenching of 
fluorescence. 
The deconvolution of the emission spectra of 1 perfectly fitted to two Gaussian 
bands, centred at 697 and 730 nm (Figure 9, top). These bands have been 
formerly assigned in related BODIPY compounds to a locally excited state (LE) 
and a weakly emissive charge-transfer state (CT) respectively, which leads to a 
dual emission of the dye in polar solvents such as THF.[9] After complexation, 
the LE state can deactivate through both a non-radiative PET process, and an 
internal system crossing to the CT state. This suggestion is in agreement with 
the observed behaviour, where the LE band decreased while the CT state 
became the principal radiative relaxation pathway (Figure 9, bottom). 
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Figure 9. Fit of the LE and CT band of the emission spectra in THF of 1 (top) and 1 + 1 
equiv of C10 (bottom). 
Conclusions 
Ditopic receptor 1 consisting of a BODIPY dye electronically connected 
through an ethylenic bridge to two calix[4]pyrrole coordinating units, is able to 
bind aliphatic and aromatic dicarboxylates of different chain lengths. This 
coordination event is reflected by changes in the UV-vis spectra and by a 
strong quenching of the emission fluorescence of the dye. The ditopic receptor 
shows a high affinity for those ?,?-aliphatic dicarboxylates with 7 or 8 
methylene groups in the chain (C9 and C10), most probably due to the 
formation of a cyclic 1:1 complex involving the simultaneous coordination of 
both carboxylates of the guest to both calixpyrroles of the host. 
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Experimental Section 
Materials	  and	  Methods	  
1,3,5,7-Tetramethyl-8-phenyl-boron dipyrromethene (BODIPY), 3[9] and meso-
octamethylcalix[4]pyrrole (OMCP)[12] were prepared according to the 
procedures described in the literature. Meso-octamethylcalix[4]pyrrole-?-
carbaldehyde, 4, was prepared by the direct formylation of OMCP with the 
Vilsmeyer reagent.[13] The tetrabutylammonium (TBA) salts with the different 
dicarboxylates were prepared by the addition of two equivalents of TBA 
hydroxide to the corresponding dicarboxylic acids in THF, followed by 
evaporation of the solvent. All the TBA salts were stored in a vacuum oven for 
at least 24 h prior to use. All the other reagents were commercially available 
and were used as received. THF was distilled from Na/benzophenone prior to 
use. All the synthetic reactions were performed under an argon atmosphere 
using standard techniques. Column chromatography was performed with 
either silica gel 60 (230-400 mesh) or alumina (neutral, 70-290 mesh). 1H and 13C 
NMR spectra were recorded using a Bruker DRX-500 spectrometer, with the 
deuterated solvent as the lock and the residual solvent as the internal reference. 
High-resolution mass spectra (EI) were recorded in the positive ion mode using 
a Shimadzu QP5050A. Absorption spectra were recorded with a Shimadzu UV-
2101PC spectrophotometer using a 1 cm path length quartz cuvette. 
Fluorescence spectra were recorded using a Varian Cary Eclipse fluorescence 
spectrophotometer. 
Syntheses	  
Synthesis of compound 1. BODIPY 3 (65 mg, 0.2 mmol) and 
formylcalixpyrrole 4 (209 mg, 0.46 mmol) where dissolved in 30 mL of toluene 
in a two neck round bottom flask connected to a Dean-Stark apparatus. Acetic 
acid (0.7 mL), piperidine (0.8 mL) and a small amount of 3Å molecular sieves 
were added to the solution and the mixture was refluxed under Ar for 2 h. At 
this time, a TLC of the mixture showed the consumption of the starting 
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aldehyde. The reaction mixture was allowed to reach room temperature and 
the solvent was evaporated. The residue was dissolved in AcOEt, washed with 
10% aq NaHCO3 and then dried over MgSO4. The solvent was evaporated and 
the crude was purified by column chromatography on alumina (hexane/AcOEt 
95:5 as the eluent) to yield 1 (79 mg, 33%) as a turquoise solid. 1H-NMR (500 
MHz, CD2Cl2): δ  7.63 (d, J= 15.9 Hz, 2H), 7.55–7.46 (m, 3H), 7.39–7.32 (m, 2H), 
7.28 (s, 2H), 7.22 (d, J= 15.9 Hz, 2H), 6.95 (s, 2H), 6.90 (s, 2H), 6.54 (s, 2H), 6.40 
(d, J= 2.9 Hz, 2H), 5.96–5.93 (m, 4H), 5.92 (t, J= 2.9 Hz, 4H), 5.87 (t, J= 3.0 Hz, 
2H), 5.82 (t, J= 3.0 Hz, 2H), 1.69 (s, 12H), 1.52 (s, 12H), 1.51 (s, 12H), 1.50 (s, 
12H), 1.44 (s, 6H). 13C-NMR (126 MHz, CD2Cl2): δ 153.0, 141.3, 139.3, 138.9, 
138.5, 138.2, 138.1, 137.60, 137.58, 137.4, 136.6, 135.45, 132.6, 131.9, 130.85, 128.9, 
128.8, 128.7, 117.5, 116.95, 114.7, 103.6, 103.5, 102.85, 102.75, 102.5, 101.86, 37.4, 
35.15, 35.1, 35.0, 29.5, 28.95, 28.41, 28.36, 14.25. EI-HRMS (m/z) calcd for 
C77H88N10F2B [M+H]+ 1201.7249, found: 1201.7235. 
 
Synthesis of compound 2. A solution of BODIPY 3 (429 mg, 1.3 mmol) and 
formylcalixpyrrole 4 (400 mg, 0.88 mmol) in 30 mL of toluene was placed into a 
two-neck round bottom flask connected to a Dean-Stark apparatus. Piperidine 
(2.8 ml), a catalytic amount of p-TsOH and a few 3Å molecular sieves were 
added to the mixture, which was then refluxed under argon for 2 h. The 
mixture was then allowed to reach room temperature. Then it was filtered and 
the solvent was evaporated. The residue was taken in AcOEt, washed with 10% 
NH4Cl and dried over MgSO4. The crude product was purified by column 
chromatography on silica gel (previously neutralised with Et3N) using 
hexane/AcOEt (95:5 to 85:15) as the eluent, affording 2 as a deep blue solid 
(225 mg, 34%). 80 mg (4%) of the disubstituted BODIPY 1 were also recovered 
from the column. 1H-NMR (CD2Cl2, 500 MHz) δ 7.70 (d, J= 15.7 Hz, 1H), 7.57–
7.52 (m, 3H), 7.40–7.36 (m, 2H), 7.31 (s, 1H), 7.29 (s, 1H), 7.20 (dd, J= 15.9 and 
1.9 Hz, 1H), 7.02 (s, 1H), 6.95 (s, 1H), 6.60 (s, 1H), 6.39 (d, J= 2.9 Hz, 1H), 6.04 (s, 
1H), 6.01–5.95 (m, 4H), 5.91 (t, J= 3.0 Hz, 1H), 5.87 (t, J= 3.0 Hz, 1H), 2.58 (s, 3H), 
1.72 (s, 6H), 1.57 (s, 6H), 1.56 (s, 6H), 1.55 (s, 6H), 1.48 (s, 3H) and 1.44 (s, 3H). 
13C-NMR (126 MHz, CD2Cl2) δ 155.26, 152.42, 143.26, 140.83, 139.38, 139.07, 
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138.92, 138.67, 138.63, 138.27, 137.50, 137.47, 137.44, 135.21, 132.93, 132.31, 
130.97, 129.01, 128.77, 128.43, 120.25, 117.42, 117.32, 114.12, 103.68, 103.66, 
103.52, 102.83, 102.78, 102.47, 101.85, 37.45, 35.15, 35.08, 35.01, 30.57, 29.50, 
28.95, 28.41, 28.35, 14.38, 14.27 and 13.94. EI-HRMS (m/z) calcd for C48H54N6F2B 
[M+H]+ 763.4466, found: 763.4439. 
UV-­‐vis	  and	  fluorescence	  titrations	  
UV-Vis and fluorescence titrations were performed by adding anion aliquots 
(A/L (mol/mol) = 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 
and 5.0) to the sensor solution (1x10-5 M in THF). Volume changes did not 
exceed > 10%. Absorbance values were corrected and titration curves were 
fitted to match the 1:1 and 1:2 stoichometries with the Specfit computer 
program.  
1H-­‐NMR	  titrations	  	  
1H-NMR titrations were performed by adding anion aliquots to the sensor 
solution (5x10-3 M in CD2Cl2). 
Supporting	  Information	  
Copies of the 1H NMR, COSY and 13C NMR spectra of compounds 1 and 2, the 
calculation of the fluorescence quantum yield of 1, and fluorescence emission 
quenching profiles for 1 in the presence of increasing amounts of C7, N1 and 
acetate. 
Acknowledgments 
Financial support from the Spanish Government (project MAT2009-14564-C04-
02 and from Generalitat Valenciana (project PROMETEO/2009/095) is 
gratefully acknowledged. R.G. is grateful to the Spanish Ministry of Education 
Eur.	  J.	  Org.	  Chem.,	  2013,	  8,	  1515–1520	  
 
 124
for its FPU grant. SCSIE (Universidad de Valencia) is gratefully acknowledged 
for all the equipment employed. 
References 
[1] a) R. Martínez-Máñez, F. Sancenón, Chem. Rev. 2003, 103, 4419-4476; b) B. T. 
Nguyen, E. V. Anslyn, Coord. Chem. Rev. 2006, 250, 3118-312; c) S. O. Kang, R. A. 
Begum, K. Bowman-James, Angew. Chem. Int. Ed. 2006, 45, 7882-7894; d) P. A. Gale, S. 
E. García-Garrido, J. Garric, Chem. Soc. Rev. 2008, 37, 151-190. 
[2] a) H. Nohta, J. Sonoda, H. Yoshida, H. Satozono, J. Ishida, M. Yamaguchi, J. 
Chromatogr, A. 2003, 1010, 37-44; b) J. M. Berg, J. L. Tymoczko, L. Stryer in Biochemistry, 
5th ed. Ed.: W. H. Freeman, New York, 2002, pp. 465−484. 
[3] a) R. Fitzmaurice, G. M. Kyne, D. Douheret, J. D. Kilburn, J. Chem. Soc., Perkin Trans. 
1 2002, 841-864; b) A. M. Costero, M. Colera, P. Gaviña, S. Gil, Chem. Commun. 2006, 
761-63; c) A. M. Costero, M. Colera, P. Gaviña, S. Gil, U. Llaosa, Tetrahedron 2008, 64, 
7252-7257; d) P. Calero, E. Aznar, J. M. Lloris, M. D. Marcos, R. Martinez-Manez, J. V. 
Ros-Lis, J. Soto, F. Sancenon, Chem. Comm. 2008, 1668-1670; e) S. K. Lee, H. Kim, S. 
Jang, J. Kang, Tetrahedron Lett. 2011, 52, 1977-1980; f) M. J. Jiménez, V. Alcázar, R. 
Peláez, F. Sanz, A. L. Fuentes de Arriba, M. C. Caballero, Org. Biomol. Chem. 2012, 10, 
1181-1185. 
[4] a) H. Miyaji, P. Jr. Anzenbacher, J. L. Sessler, R. P. Bleasdale, P. A. Gale, Chem. 
Commun. 1999, 1723-1724; b) P. Anzenbacher Jr., Top. Heterocycl. Chem. 2010, 24, 237-
265. 
[5] a) J. Karolin, L. B. A. Johansson, L. Strandberg, T. Ny, J. Am. Chem. Soc. 1998, 116, 
7801-7806; b) A. Loudet, K. Burgess, Chem. Rev. 2007, 107, 4891-4932; c) G. Ulrich, R. 
Ziessel, A. Harriman, Angew. Chem. Int. Ed. 2008, 47, 1184-1201. 
[6] a) K. Rurack, M. Kollmannsberger, J. Daub, Angew. Chem. Int. Ed. 2001, 40, 385-387; 
b) N. Boens, V. Leen, W. Dehaen, Chem. Soc. Rev. 2012, 41, 1130-1172. 
[7] a) Y. Lv, J. Xu, Y. Guo, S. Shao, Chem. Pap. 2011, 65, 553-558; b) Y. Lv, J. Xu, Y. Guo, 
S. Shao, J. Incl. Phenom. Macrocycl. Chem. 2012, 72, 95-101. 
[8] W. Qin, M. Baruah, A. Stefan, M. Van der Auweraer, N. Boens, ChemPhysChem 
2005, 6, 2343 – 235. 
[9] M. Kollmannsberger, K. Rurack, U. Resch-Genger, J. Daub, J. Phys. Chem. A, 1998, 
102, 10211-10220. 
[10] P. S. Vincett, E. M. Voigt, K. E. Rieckhoff, J. Chem. Phys. 1971, 55, 4131-4140. 
[11] SPECFIT: SPECFIT/32 Global Analysis System v. 3.0, Spectrum Software 
Associates: Marlborough, MA, USA. 
[12] A. J. F. N. Sobral, J. Chem. Educ. 2005, 82, 618–620. 
[13] R. Nishiyabu, P. Anzenbacher, Jr., Org. Lett. 2006, 8, 359–362. 
	   	   Chapter	  3	  
 
 125 
Chapter 3. Detection of ion pairs. The logic behind 
3.1. Introduction 
The literature on supramolecular recognition compiles a large assortment of 
studies that focus on the selective sensing/recognition of cationic species.[112] In 
the last decade, and as stated in the previous chapter, the anion recognition 
field has emulated the steps taken with its ionic partner and has undergone, 
and is still undergoing, dramatic development.[113] The literature witnesses the 
scientific community’s growing interest in these analytes, and this interest is 
stimulated by the roles that ions play in both biological and artificial systems. 
However, the design of these receptors does not take into account the effect 
that counterions play in the recognition process. The affinity of an ion for a 
given receptor can be modulated to such an extent that it can be either impeded 
or enhanced, depending on the nature of its counterion. Thus the vast majority 
of studies on cation or anion receptors are simplified by using “non-active” or 
“non-coordinating” counterions. 
Heteroditopic receptors 
As an alternative, a new class of ion receptors that bear two complementary 
hosts, specifically designed for a cation and for an anion, is becoming very 
popular among receptor designers.[114] These receptors, named heteroditopic or 	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ion-pair receptors, have created a new exciting chapter in supramolecular 
chemistry history. 
The intelligent design of these receptors can yield a molecular compound that 
displays allosteric behaviour, where affinity to one of its guests is induced by 
the binding of the other due to electrostatic and/or conformational effects. 
Coordinating	  modes	  
Normally, there are three coordinating modes for heteroditopic receptors 
(which are depicted in Figure 3.1): 
-Contact mode: the design of the receptor allows the cation and the anion to 
remain in contact while being complexed by their respective hosts.[115] 
-Cascode mode: the receptor allows the arrangement of salt in a cascode 
fashion, and in such a way that an anion or cation is interleaved by two 
coordinated counterions.[116] In this case, salts are normally of the M2+X-2 type. 
-Non-contact mode: the design of the receptor provides two largely separated 
hosts which bind each ion separately and imply a coulombic fine.[117] 
 
Figure 3.1. Models for the different binding modes of heteroditopic receptors (from left to 
right): contact binding mode, cascode binding mode and non-contact (including spatial and 
solvent separated) binding mode.  
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Examples for these modes can be observed in Chart 3.1. Receptor 3.1 uses the 
contact mode for complexing KCl,[118] while receptor 3.2 complexates CaCl2 in 
the cascode mode. 
 
Chart 3.1. a) Contact ion-pair receptor. b) Tritopic receptor capable of binding MX2 in a 
cascode fashion.[116] c) Trimodal receptor for different salts: solvent separated, spatial 
separated and contact binding mode.[119] 
Receptor 3.3 employs different modes depending on the salt: the non-contact 
mode for CsF (solvent separated) and CsCl (spatial separated), and the contact 
mode for CsNO3.[119] 
Applications 
Selective recognition of a specific ion pair has found its application in many 
fields. Since their first reports, heteroditopic receptors have been used as 
extraction and solubilising agents, membrane transporters, molecular logic 
gates and sensors. 
Extraction	  and	  solubilising	  agents	  
The extraction of precious metals from minerals or the selective removal of 
pollutants from supply water depots and rivers is a very important topic that 	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2010, 132, 5827. 
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can be carried out by using ion-pair receptors.[116] A specific example is the 
extraction of pertechnetate salts (TcO42-),[120] a toxic radioactive by-product 
present in nuclear waste. Compound 3.4 can effectively extract TcO42- salts from 
water to mixed aqueous-organic solutions designed to simulate the conditions 
that might be applicable to those of streaming that contain this radioactive salt. 
 
Figure 3.2. Tripodal ion-pair receptor designed for the extraction of sodium pertechnetate 
from nuclear waste. 
The recognition, detection and extraction of biological zwitterions are also very 
interesting topics.[121] Zwitterions are a special type of ion pair where the cation 
and anion form part of the same molecule. Amino acids exist as zwitterions at a 
physiological pH, as does neurotransmitter ?- aminobutiric acid (GABA). 
The recognition of these molecules requires very well-designed hosts, which 
have to be complementary in size and shape to target species. 
A good example of this is the recognition of L-triptophan by ion-pair receptor 
3.5.[122] The compound integrates a naphtalene moiety designed to provide 
additional affinity via ?-? interactions. The chirality of the receptor is also a 
determinant in the selective recognition of L-triptophan vs. R-triptophan. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
120 P. D. Beer, P. K. Hopkins, J. D. McKinney. Chem. Commun., 1999, 1253. 
121 a) A. Galan, D. Andreu, A. M. Echavarren, P. Prados, J. de Mendoza. J. Am. Chem. Soc., 1992, 114, 1511; b) H. 
Tsukube, M. Wada, S. Shinoda, H. Tamiaki. Chem. Commun., 1999, 1007; c) K. S. Jeong, T. Y. Park. Bull. Chem. Jpn., 
1999, 20, 129; d) S. C. Sasaki, A. Hashizume, D. Citterio, E. Fujii, K. Suzuki. Tetrahedron Lett., 2002, 43, 7243. 
122 A. Galán, D. Andreu, A. M. Echavarren, P. Prados J. de Mendoza. J. Am. Chem. Soc., 1992, 114, 1511. 
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Scheme 3.1. Chemical structure of the ion-pair receptor (S,S)-3.5 and a proposed binding 
model with L-triptophan. 
Membrane	  transporters	  	  
As most heteroditopic receptors are lipophilic in nature, they can diffuse 
through lipophilic membranes. The fact that such diffusion can be performed 
in the same fashion when carrying their guest is even more interesting. This, 
and membrane transport, open up a new gateway for mimicking biological 
systems. As heteroditopic receptors can also extract or solubilise salts, some 
examples in the literature have demonstrated how some heteroditopic 
receptors can work as membrane transporters by carrying an ion pair through 
a lipophilic membrane.[123] This is extremely relevant in nobel drug delivery 
systems on a specific target. 
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1999, 121, 10142–10151; b) A. V. Koulov, M. J. Mahoney, B. D. Smith. Org. Biomol. Chem., 2003, 1, 27. 
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Figure 3.3. Chemical structure of the ion-pair receptor and transporter 3.6. 
For instance, compound 3.6 has been demostrated as a good transporter of 
CsCl and CsNO3.[ 124 ] Compound 3.6 can transport these salts through a 
supported liquid membrane of an n-octylether that acts as the hydrophobic 
barrier. 
Molecular	  sensors	  
A desirable property of an ion-pair receptor is the possibility of signalling the 
binding of salt. Most recepting properties of these heteroditopic receptors have 
been demonstrated by means of slow, complicated techniques, such as NMR 
chemical shifts, X-ray structures or isothermal titration calorimetry (ITC). 
After demonstrating the recepting properties of specific hosts, some groups 
have included signalling units in their new receptor designs, which allows 
them to also work as ion-pair sensors. Among the signalling units, redox active 
groups,[125] fluorophores[126] and chromophores[127] can be found. 
The signalling mechanisms of the last two rely on the photophysical 
phenomenons discussed in the first chapter (ICT and/or PET). Some examples 
of these ion-pair sensors are provided below. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
124 D. M. Rudkevich, J. D. Mercer-Chalmers, W. Verboom, R. Ungaro, F. de Jong, D. N. Reinhoudt. J. Am. Chem. Soc., 
1995, 117, 6124. 
125 a) H. Miyaji, D.-S. Kim, B.-Y. Chang, E. Park, S.-M. Park, K. H. Ahn. Chem. Commun., 2008, 753; b) M. Alfonso, A. 
Espinosa, A. Tárraga, P. Molina. Org. Lett., 2011, 13, 2078; c) C. Suksai, P. Leeladee, D. Jainuknan, T. Tuntulani, N. 
Muangsin, O. Chailapakul, P. Kongsaeree, C. Pakavatchaic. Tetrahedron Lett., 2005, 46, 2765.  
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Chart 3.2. Chemical structures and complexation model of fluorogenic receptors 3.6,[128]  
3.7,[129] 3.8[125.b] and redox receptor 3.9.[Error! Bookmark not defined.a] Receptors 3.6 and 3.7 are selective 
owards KH2PO4 and KCN, respectively. 
Molecular	  logic	  gates	  
Together with sensing properties, some ion pair sensors can behave like 
molecular logic gates. 
Molecular logic gates are molecules that can perform basic boolean 
operations.[130] This field of chemistry has not further evolved than proof-of-
concept, but the motivation behind its research lies in the attractive long-term 
goal of molecular computing.[131] 
Molecular logic gates incorporate one, two or three light or chemically 
triggered inputs. Among them we find cation or anion complexation,[ 132 ] 
protonations and deprotonations,[133] and redox processes.[134] The molecules 
using light as input normally employ absorptions at two different 
wavelengths.[135] The output of the logic operation is often performed through 
photonic processes, such as absorption or emission, with all the benefits that 
light presents. 	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10083. 
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131 a) A. P. de Silva, S. Uchiyama. Nat. Nanotechnol., 2007, 2, 399; b) Y. Benenson, Curr. Opin. Biotechnol., 2009, 20, 471. 
132 A. K. Mandal, P. Das, P. Mahato, S. Acharya, A. Das. J. Org. Chem., 2012, 77, 6789. 
133 D. Margulies, G. Melman, A. Shanzer. J. Am. Chem. Soc., 2006, 128, 4865. 
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Several molecules have been reported for all the logic boolean operations, and 
include AND,[136] NAND,[137] OR,[138] NOR,[139] XOR,[140] XNOR,[141] INHIBIT,[142] 
YES, NOT, PASS 1 and PASS 0.[143] (Please refer to Addendum 5 page 421) for 
the truth table of the logic operations). In recent years, molecular logic gates 
capable of performing more complex operations, such as the half-adder[144] and 
half-subtractor[145,135] and digital comparator,[146] have also been reported. 
Despite two- or multi-cation driven molecules having been exhaustively 
explored as molecular logic gates,[147] anion-triggered molecular logic gates are 
rather scarce.[148] When it comes to systems with two dedicated binding sites for 
cations and anions, very few examples are found, and those that exist are 
limited to calix[n]arenes[149] or anthracene moieties.[128] 
The few examples in the literature of ion-pair-triggered molecular gates[150,130] 
motivated us to contribute to this field with a new ion-pair receptor and 
sensor[151] (compound 3.10) capable of behaving like a molecular logic gate 
when K+ and F- are used as inputs.[152] 
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Figure 3.4. Chemical structure of compound 3.10. The text shows the function of the 
different parts of the molecule as a logic gate and an ion-pair receptor. 
This compound uses an azacrown moiety as a cation host, a calix[4]pyrrole 
moiety as an anion host (which has not been used to date in any molecular 
logic gate), and a BODIPY core as a signalling unit which, once again, has not 
been previously used as a transducer for ion-pair sensing. Apart from its logic 
behaviour, compound 3.10 has demonstrated its recepting capabilities for not 
only a series of alkaline salts, but also for some zwitterionic species. 
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3.2. Objectives  
The aims of this chapter were to design and prepare a heteroditopic receptor 
for ion-pairs with logic computation capabilities. Specifically, these aims are: 
 
-Designing a compound with two hosts, one for a cation and another for an 
anion, with an incorporate fluorophore that acts as an optical transducer. The 
hosts need to be close enough to be able to bind ion-pairs. 
 
-Synthesising the compound and characterising it by IR, NMR, HRMS and UV-
vis/fluorescence techniques. 
 
-Studying the spectroscopical and NMR properties of the compound upon the 
addition of different cations or anions with “non-active” counterions, and with 
the halides of the alkaline elements. In addition, extending the study to 
zwitterionic species. 
 
-Testing the possibility of ion-pair and/or zwitterion solubilisation. 
 
-Studying the spectroscopic behaviour in order to extend the compound 
application to molecular Boolean calculations. 
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3.3. Boolean operations mediated by an ion-pair 
receptor of a multi-readout molecular logic gate 
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A heteroditopic BODIPY dye that performs all basic Boolean operations with a cation 
(K+) and an anion (F–) as inputs and absorption, transmission or fluorescence as 
outputs is described. The molecular logic gate can also act as a digital comparator 
between the inputs. 
Since de Silva et al introduced the concept of a “molecular logic gate”,1 this field 
experienced a boost in popularity. Accordingly, many molecules capable of 
performing most of the common logical operations have been developed.2 
Moreover, although the molecular computer as such might still lie farther into 
the future,3 an astonishing variety of applications has been demonstrated in the 
field.4–6 Even though the outputs of most molecular logic gates rely on photonic 
processes, their inputs are rather divers, including light,7 chemical substances 
such as redox-active species,8 protons9 or cationic organic supramolecular10 as 
well as metal ion guests. 
Regarding ionic inputs, many examples are known for two11–13 or multi-cation14 
driven species, yet examples including anions are scarce.15 Moreover, when it 
comes to ion pair-triggered systems, few examples have been developed, most 
of them relying on transition metal ions such as Cu2+ or highly charged cations 
such as Al3+; alkali metal ions have been scarcely used.16–18 In addition, systems 
with two dedicated binding sites for cation and anion have thus far been 
limited to functionalized calix[n]arenes16 or anthracene moieties.19 In this 
contribution, we extend the concept of modularly configurable boron–
dipyrromethene (BODIPY) dyes to molecular logic gate 1,20 operating through 
designated alkali metal ion and anion binding sites with the two chemical 
inputs K+ and F– and light as the output. 
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 Chart 1. Compound 1 
In acetonitrile, 1 shows a low-energy absorption band at 685 nm (ε = 74570   
cm–1·M–1) and weaker bands at 328 and 416 nm (ε = 27750 and 26630 cm–1·M–1), 
respectively, which is typical for donor-substituted bis-styryl-extended 
BODIPYs.12,20 The emission spectrum is centred at 743 nm, the fluorescence 
quantum yield amounting to Φf = 0.34. As a heteroditopic host, molecular logic 
gate 1 possesses two individual binding sites, an aza-oxa crown (at the “X-
arm”) and a calix[4]pyrrole (at the “Y-arm”), specifically chosen to be triggered 
by K+ and F– ions as chemical inputs, respectively. The output states of the 
system are determined by the modulation of the electronic properties of the 
dye, mainly involving intramolecular charge transfer (ICT) processes within 
the two styryl extensions of the BODIPY core.  
The principle of operation can be derived on the basis of the spectroscopic 
response behaviour of styryl BODIPYs.12,13 For dyes such as 1 with an electron 
deficient BODIPY core as the relay between the two responsive termini, the 
highest occupied molecular orbital (HOMO) is usually delocalized over the 
entire molecule whereas the lowest unoccupied MO (LUMO) is mainly 
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localized on the BODIPY core.21 Accordingly, binding of a positively charged 
metal ion (K+) at the crown unit should lead to hypsochromic absorption and 
fluorescence shifts.13 The electron donor strength of the aniline nitrogen atom is 
reduced and the ICT process weakened. On the other hand, binding of a 
negatively charged halide such as F– at the calix[4]pyrrole should lead to a 
bathochromic shift.22  
 
Figure 1. Absorption (left) and emission spectra (right) of 1 (10 and 1 µM in CH3CN) in the 
absence (purple) and presence of KClO4 (5 mM, red) and TBAF (20 µM, blue). 
The properties of the single-input complexes are λabs = 660 nm, λem = 732 nm 
and Φf = 0.35 for K+•1, the latter employed as perchlorate salt, and λabs = 696 
nm, λem = 748 nm and Φf = 0.06 for 1•F– (as tetrabutylammonium or TBA salt), 
respectively (the complex notation X•1 and 1•Y follows the structure 
representation in Chart 1). Representative spectra are shown in Figure 1.  
Another feature that is obvious from Figure 1 is the intensity modulation of the 
lowest-energy absorption band. For K+•1, the reduction in ICT character in the 
X-arm leads to a reduction in oscillator strength.13 For 1•F–, two effects most 
likely play a role. On one hand, the increase in electron donor strength at the 
calix[4]pyrrole unit entails a localization of the MOs involved in the ICT 
process on the Y-arm and BODIPY core. On the other hand, the calix[4]pyrrole 
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moiety will change its conformation from the preferred 1,3-alternate in the free 
to the cone conformation in the bound state,23 presumably involving a 
distortion in the styryl part of the Y-arm because of steric crowding of the two 
receptor units on both arms. Such a distortion of planarity in the chromophoric 
π system will lead to a loss in conjugation and hence reduced oscillator 
strengths and absorbances. The presence of either of the two inputs thus leads 
to reduced absorbance or enhanced transmittance. 
If the two guests are present, the shifts should largely cancel yet the much 
stronger quenching effect of the anion should dominate over the only slightly 
fluorescence intensity-modulating effect of the cation (for a detailed discussion 
on this topic, see ref. 24); hence distinct patterns exploitable for molecular 
logics can be expected. Regarding the ternary complex K+•1•F–, the 
corresponding data are determined to λabs = 681 nm, λem = 741 nm and Φf = 0.15. 
The difference with respect to neat 1 clearly suggests that K+ and F– do not 
annihilate like H+ and OH– commonly do, but that an actual fourth species is 
formed in the presence of these three partners. The absence of input 
annihilation (e.g., due to precipitation of KF in the organic solvent) was 
confirmed by 1H-NMR experiments (see ESI). 
Having set the mechanistic stage, the logic operations that are possible with 
such a reconfigurable ion pair-controlled molecular logic gate will be 
presented. Depending on the interrogation parameters and measurement mode 
employed, 1 can operate all of the basic Boolean logics AND, NAND, OR, 
NOR, XOR, XNOR, INHIBIT, YES, NOT, PASS 1 and PASS 0. Furthermore, 
parallel combination of these gates can yield more complex operations such as 
half-adder, half-subtractor and digital comparators. 
XOR is a logic gate difficult to achieve chemically as it implies that both, the 
neat compound (0-0 state) and the two-input (1-1) state have to present similar 
spectroscopic properties at least in one of the optical channels, to achieve a low 
signal level in both states. In contrast, the single-input (0-1 and 1-0) states must 
yield a high signal level. Until now, this was achieved by using the annihilation 
strategy that leads to an apparent 1-1 input. As described above, the system 
1/K+/F– differs from the annihilation approach so that, regarding the ground 
state behaviour, both neat 1 (0-0 state) and complex K+•1•F– (1-1 state) show 
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similar absorption maxima yet differ in oscillator strength, and thus absorbance 
or transmittance. In addition, the fluorescence behaviour of the ternary 
complex is distinctly different from that of 1 as well as from that of the single-
input states. Thus, a XOR gate can be obtained by measuring the transmittance 
at 680 nm (Figure 2), while the molecule behaves as an XNOR gate at this 
wavelength in absorbance mode. Moreover, an OR gate can be obtained at this 
wavelength by adjusting the threshold value from 25 to 10 % of transmittance 
(Figure 2). 
 
Figure 2. XOR and OR gates based on 1, monitoring transmittance at 680 nm. Truth tables 
for these gates are given in the figure. 
1 can also behave as an AND gate when the output is localized at shorter 
absorption wavelengths, where the high level of both inputs generates a 
measurable change at λ = 395 nm (Figure 3). 
INHIBIT gates are obtained when a high output level is achieved exclusively by 
one input. In the case of 1, several INHIBIT gates can be obtained for K+ as 
single input, i.e., in absorbance and transmittance (monitoring at 650 nm) as 
well as in emission mode (Figure 4). 
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Figure 3. AND gate based on 1 when monitoring at 395 nm in the absorbance mode. Truth 
table for this gate is given in the figure. 
            
Figure 4. INHIBIT gate based on 1 when monitoring at 680 nm in fluorescence mode. Truth 
table for this gate is given in the figure. 
INPUT OUTPUT
X (K+) Y (F-) 700 nm (Em)
0 0 0
1 0 1
0 1 0
1 1 0
Em
iss
ion
! (nm)
700 800 900 1000
1!K+!F-
1!K+
1!F-
1 68
INHIBIT10
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This gate can also be obtained using F– as input and assessing absorbance or 
transmittance. Logically, IMPLICATION can be achieved by negation of the 
inhibit gates (see ESI). The multiple logic operations that can be achieved by 
the system 1/K+/F– allow it to be used as a molecular half-subtractor by 
combining the INHIBIT and XOR gates. Parallel combination of these two 
generates two outputs controlled by the two K+ and F– inputs, where the output 
of the INHIBIT and XOR gates act as the borrow and difference of the half-
subtractor, respectively. In addition, parallel combination of AND and XOR 
gates yields the half-adder, where the output of the AND and XOR gates act as 
the carry and sum of the half-adder (Figure 5). 
 
 
Figure 5. Half-adder based on 1 when monitoring at 680 and 395 nm in absorbance mode. 
Truth table for this gate is given in the figure. 
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Even though several molecular logic gates able to perform these operations 
have been described in the literature, only very few of them are able to work as 
a digital comparator. The DIGITAL COMPARATOR needs to perform INHIBIT 
(for X>Y and X<Y operations) and XNOR (for X=Y operation) gates, which 1 
can accomplish due to its unique ion-pair binding mode (Figure 6). 
 
Figure 6. Single bit digital comparator. Working in the absorption mode, the result for the 
X>Y, X=Y and X<Y operations can be obtained by monitoring at 650, 680 and 715 nm 
respectively. 
The gate can be further reconfigured from 0-1 to 1-0 states or vice versa by the 
addition of an excess of the corresponding input. This excess forces the 
opposite input to precipitate as KF.25 
In conclusion, we have developed a new molecular logic gate based on a 
heteroditopic BODIPY probe bearing two receptors for the selective binding of 
F– and K+. The modulation of the spectroscopic properties observed after ion 
binding is compatible with multiple logic operations, and for the first time the 
inputs are controlled independently by a cation and an anion. The 1-1 state can 
be reached without input annihilation, which has been substantiated 
independently by NMR titrations experiments. As for other such systems, the 
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gate is reconfigurable. This new strategy of input control in molecular logic 
gates will nurture this highly vibrant field and, in combination with adequate 
technologies such as confinement and surface functionalization (note that in 1 
the BODIPY’s meso-position is still free to be equipped with linker moieties),26 
may lead to future applications of the concept. This work was supported by the 
Spanish government (project MAT2012-38429-C04-02). RG thanks Spanish 
MEC for a pre-doctoral fellowship.  
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3.4. On the Ion-Pair Recognition and Indication 
Features of a Fluorescent Heteroditopic Host Based 
on a BODIPY Core 
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Abstract 
A fluorescent heteroditopic host for ion pairs and zwitterionic species has been 
synthesized. Its affinity towards a series of anions, cations and ion pairs in acetonitrile 
has been assessed, and the spectroscopic response has been evaluated. Solid–liquid 
extraction experiments of inorganic salts, α-amino acids and γ-aminobutyric acid 
(GABA) into aceto nitrile solutions were performed, and the resulting complexes were 
analyzed by UV/Vis absorption, fluorescence and 1H NMR spectroscopy. The 
discrimination patterns observed have been rationalized in terms of the molecular 
topologies of the host and guests. 
Introduction 
Supramolecular chemistry has significantly propelled advances in the field of 
chemical recognition for an almost limitless number of applications.[1] Over 
several decades, a multitude of receptors for cation recognition have been 
designed, synthesized and evaluated.[2] More recently, effective anion-binding 
hosts have also become a primary focus of research, which has resulted in the 
development of a sizeable library of compounds.[3] After the basic frameworks 
for the complexation of simple cationic and anionic species were rationalized 
and established, more sophisticated systems able to coordinate an anion and a 
cation simultaneously have been developed, and the increasing number of 
reports reflects this growing interest in ion-pair recognition.[4] Commonly, the 
simultaneous binding of cations and anions is achieved by employing 
combinations of hosts of a dedicated cation- or anion-recognition nature such 
as coronands, podands or calixarenes for cations and ureas, thioureas, 
calix[4]pyrroles, ammonium salts, metal complexes or guanidinium salts for 
anions. 
Most of the reported ion-pair receptors are not selective but bind several salts, 
and the recognition patterns vary with the solvent employed. Thus, they are 
mainly used in separation applications such as solid–liquid extractions, the 
remobilization of insoluble salts into organic solution phases[5] or as carriers in 
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membrane-based or liquid– liquid-type phase-transfer applications.[6] On the 
other hand, if the topology of the subunits of the host and of the host itself are 
adequately tailored, the selective recognition of zwitterionic species of 
biological interest (e.g., amino acids and neurotransmitters) becomes possible[7] 
and opens a route to the creation of new compounds with a potentially wide 
range of biomedical applications. However, although some of these systems 
already operate rather efficiently as binders, only very few examples of 
heteroditopic hosts as potent probe molecules have been devised. For optical 
probes, this is basically because the installation of two different signalling 
processes with a unique indication pattern for a cation, an anion and an ion 
pair in a single small molecule is not straightforward.[8] 
Among the optical signalling units that can be incorporated into probes, the 
boron–dipyrromethene (BODIPY) core is a particularly versatile one as 
virtually all of the carbon positions on the central three-membered ring system 
are available for substitution and it guarantees pronounced spectroscopic 
responses in an advantageous wavelength range.[9] BODIPY-based probes with 
a single receptor have been studied extensively in recent years,[10] and the facile 
functionalization of BODIPYs has led to a sizeable library of fluorescent probes 
for the detection of diverse drugs.[11] Within the last five years, several BODIPY-
type probes with two receptors have also been reported. [12] However, most of 
these molecules have been designed for a response toward two cationic metal 
ion species. Heteroditopic BODIPY hosts for ion-pair guests are very rare.[13] 
We report here the synthesis, photophysical data and recognition properties 
towards ion pairs and zwitterionic species of the BODIPY-based heteroditopic 
receptor 1.[14]  
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Figure 1. Heteroditopic receptor 1. 
Compound 1 (Figure 1) is composed of an 18-azacrown-6 moiety (A18C6) as a 
cation host and a meso-octamethyl-calix[4]pyrrole (C[4]P) as anion host, both of 
which are electronically connected through the boron–dipyrromethene core, 
which, at the same time, acts as chromophore/fluorophore and electronic 
mediator/spacer between the two hosts.  
Results and Discussion 
Synthetic	  Procedure	  
Compound 1 was synthesized by two consecutive Knoevenagel condensations 
between BODIPY 2 and the corresponding aldehyde derivative of the host 
moieties by using procedures described in the literature.[15] The synthesis of the 
aldehyde derivatives 3 and 4 is depicted in Scheme 1. 
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Scheme 1. Synthesis of the anion and cation receptor moieties 3 and 4. 
The anion receptor 3 was obtained by the formylation of C[4]P with N,N-
dimethylformamide (DMF) and phosphorus oxychloride. The cation receptor 4 
was synthesized by the reaction of p-[bis(2-hydroxyethyl)amino]-benzaldehyde 
in the presence of NaH with the ditosylate derivative of tetraethylene glycol 
under high-dilution conditions. 
Compound 2 was condensed with aldehyde 3 in the presence of piperidine and 
p-toluenesulfonic acid (p-TsOH) by using a Dean–Stark apparatus to afford 5 in 
34 % yield after purification by column chromatography. The resulting product 
was then condensed with aldehyde 4 under similar conditions to yield the final 
heteroditopic BODIPY receptor 1 as a green solid in 26 % yield (Scheme 2). The 
new ligand was characterized by 1H and 13C NMR spectroscopy and mass 
spectrometry. 
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Scheme 2. Synthesis of the heteroditopic probe 1. 
Spectroscopic	  Properties	  
Compound 1 (1×10-5 M in MeCN) shows an absorption maximum at 685 nm 
with a molar absorption coefficient of 74600 cm-1 M-1. This band corresponds to 
the S1?S0 (π→π*) (0→0) transition of the extended BODIPY dye and possesses a 
shoulder at 635 nm, which corresponds to the vibronic (0→1) transition of the 
same electronic transition. Weaker bands at 328 and 416 nm with ε = 27750 and 
26630 cm-1 M-1, respectively, are ascribed to S2?S0 and S3?S0 transitions in 
analogy to assignments by Qin et al. in related alkenyl–BODIPY derivatives.[16] 
The emission spectrum has a maximum at 743 nm, which appears broadened 
compared with the typically narrow BODIPY core emission, presumably 
because of an admixture of an intramolecular charge transfer (ICT) character 
involving the donor aniline and the acceptor BODIPY (Figure 2).[15a] 
In addition, the significant Stokes shift observed between the absorption (λabs) 
and emission bands (λem) compared with that of the parent BODIPY 2 (λabs = 497 
nm, λem = 505 nm) is consistent with the behaviour observed in other π-
extended BODIPYs.[9a] The fluorescence quantum yield Φf of 1 in MeCN is 0.34, 
which is comparable to the values reported earlier by some of us for such red-
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absorbing BODIPY dyes.[17] The fluorescence decay is biexponential with an 
almost equal contribution of a short-lived (τ1 = 0.28 ns, a1,rel = 0.49; ax,rel = relative 
amplitude of species x) and a long-lived component (τ2 = 1.98 ns, a2,rel = 0.51). 
 
Figure 2. UV/Vis absorption and fluorescence spectrum (λexc = 685 nm) of 1 (1×10-5 M in 
CH3CN). 
In contrast to dyes such as 6 (Figure 3), which show a single exponential decay 
(e.g., τf = 0.13 ns for 6 in MeCN),[15a] biexponential decays are often found for 
crown ether appended BODIPYs such as 7 and 8 (Figure 3).[15b,18] Such 
behaviour is related to the flexibility of the crown ether unit and its ability to 
adopt more than one preferential conformation in the ground and/or excited 
state. For instance, fluorescence lifetimes of 0.22 (arel = 0.54) and 1.42 ns (arel = 
0.46) have been found for 7 in MeCN.[19] 
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Figure 3. Previously reported BODIPY discussed in the text. 
Complexation	  Studies	  
The affinity of 1 towards several ions in acetonitrile solution[20] was tested by 
UV/Vis spectroscopy. To examine the ion-binding properties of each 
coordination site independently, the noninterfering counterions ClO4-and 
NBu4+ (tetrabutylammonium, TBA) were employed for titrations with cations 
and anions, respectively. The interactions of these counterions with the hosts 
were negligible and neglected in the further studies. In this way, the affinity 
constants for Li+, Na+, K+, and NH4+ cations and F–, Cl–, Br– and AcO- anions 
were obtained by UV/Vis titrations (Table 1). The values determined were 
!
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consistent with the well-established complexation properties of both 
azacoronands and calixpyrroles.[21] 
Table 1. Complexation constants (log Ka) of 1 with various cations and anions in 
acetonitrile. Values were obtained after least-squares fits of UV/Vis titrations with the 
SpecFit© software[22] for a 1:1 binding model. 
 1 + NH4+ 1 + K+ 1 + Na+ 1 + Li+  
log Ka 3.2 ± 0.1 3.3 ± 0.1 3.0 ± 0.2 2.0 ± 0.3  
 
 1 + F- 1 + AcO- 1 + Cl- 1 + Br-  
log Ka 6.3 ± 0.2 5.0 ± 0.1 5.1 ± 0.1 < 1  
 
Table 2. Optical properties of 1 (1×10-5 M in CH3CN) in the presence of an excess of 
different ions. Cations and anions were added as ClO4- and TBA+ salts, respectively (10 mg). 
 λabs ∆ λabs λem ∆ λem Φ  
1 + NH4+ 653 -32 708 -35 0.53  
1 + K+ 660 -25 717 -26 0.59  
1 + Na+ 678 -7 728 -15 0.52  
1 + Li+ 684 -1 729 -4 0.55  
1 685  743  0.34  
1 + F- 696 +11 748 +5 0.006  
1 + AcO- 692 +7 746 +3 0.034  
1 + Cl- 688 +3 744 +1 0.18  
1 + Br- 687 +2 742 -1 0.23  
 
The optical properties of 1 in acetonitrile (1×10-5 M) in the presence of different 
cations and anions are listed in Table 2. To achieve full complexation, an excess 
of the mentioned salts was added. 
As can be observed for the example of the F- anion in Figure 4, the anionic 
guests produce bathochromic displacements of the main absorption as well as 
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the emission band of up to ca. 5 nm accompanied by a quenching of the 
fluorescence. The bathochromic shift is consistent with an increase in the 
electron-donating strength of the C[4]P arm through coordination of the anion, 
and the absorption approximates that of bis-aminostyryl-substituted dyes such 
as 9 (Figure 3), which absorbs at 711 nm.[17] However, the comparatively strong 
reduction in the fluorescence quantum yield in 1–F-, cannot be explained within 
the simple framework of the colour rules of BODIPYs, that is, an enhanced 
internal conversion as the energy gap between the ground and excited states 
decreases (according to the energy-gap rule),[15a] but is tentatively attributed to 
the population of an only weakly emissive ICT state involving the complexed 
calix[4]pyrrole[23a–23d] and possibly possessing a certain charge-shift character.[23e] 
The involvement of the latter is known to result in nonfluorescent BODIPY 
dyes.[23f] The magnitude of these anion-induced shifts as well as the decrease in 
emission intensity is additionally related to the affinity of the C[4]P moiety 
towards the tested anion and reflects an order F- > AcO– ≈ Cl– > Br–. Regarding 
the fluorescence decay behaviour, at a fixed anion–1 ratio of 500:1, the 
quenching effect of the anions is accompanied by the appearance of a third 
fluorescence lifetime component, which decays even faster than the shortlived 
component of free 1, for example, in 78 ps for F- and 83 ps for Br- (the 
uncertainty in the measurement is ± 3 ps). Moreover, the relative amplitude of 
the shortest decay component for the F- complex is more than twice that for the 
Br- complex. This clearly indicates that once an anion is bound in the C[4]P unit 
its quenching ability is rather similar (at least for the monoatomic halides) and 
that the magnitude of the quenching in a titration series depends primarily on 
log Ka. 
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Figure 4. UV/Vis (top) and fluorescence emission (bottom) spectrum (λexc = 685 nm) of 1 
(1×10-5 and 1×10-6 M in MeCN) in the absence (red) and presence of 500 equiv. of KClO4 
(green) and 500 equiv. of TBAF (blue). For a representative set of UV/Vis titration spectra, 
see Figures S14 and S15. 
The latter is supported by the fact that the fluorescence lifetimes of 1– F- and 1–
Br- are rather similar (78 vs. 83 ps). 
On the other hand, the addition of cations (as ClO4-salts) to MeCN solutions of 
1 induced a hypsochromic shift of both the absorption and the emission band. 
This phenomenon is attributed to the coordination of the cation by the 
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azacrown moiety.[12c,18,24] For instance, the binding of a Na+ cation to the 
tetraoxa–monoaza crown of 7 leads to analogous hypsochromic shifts.[18] The 
positively charged cation monopolizes the lone electron pair of the crown ether 
nitrogen atom and weakens the electron donor strength of this unit and, hence, 
the ICT character, and there is a concomitant increase of the fluorescence 
emission. The magnitude of the observed shift follows the order NH4+ ≈ K+ > 
Na+ > Li+, which is in agreement with the coordination preference of A18C6.[2] 
In addition, Li+ and Na+ ions are also known to prefer oxygen over nitrogen 
coordination in such crowned dyes in acetonitrile, which leads to smaller 
spectral shifts that are frequently even accompanied by higher complexation 
constants.[25,26a] The spectroscopic changes upon saturation with several cations 
and anions are summarized in Table 2. The changes in fluorescence quantum 
yield upon the binding of 1 to the various cations are in line with other reports 
on BODIPYs carrying 3- or 5-styryl-appended amino crowns,[12,13] that is, 
excited-state decoordination[26a] does not play a role in such BODIPY-type ICT 
probes. 
After proving the ability of 1 to bind discrete cations and anions, we tested its 
ability to coordinate and sense a cation and an anion at the same time and, 
thus, respond to an ion pair. For this purpose, the halide series (F-, Cl-, Br-) of 
the first three alkali metal ions (Li+, Na+, K+) was chosen. To overcome the 
problem of the low solubility of some of these salts in acetonitrile and even in 
water, [cf. LiF: 0.13 g in 100 mL at 25 °C], we opted for a modified phase-
transfer protocol in the sense of solid–liquid extraction experiments, especially 
for the NMR experiments that required significantly higher concentrations. 
For the NMR investigations in the solid–liquid extraction experiments, 5 × 10-3 
M solutions of 1 in CD3CN (1 mL) in a vial were saturated with the 
corresponding salt, and the mixture was mechanically stirred for 24 h. After 
that time, the solution was filtered, and the 1H NMR spectrum was recorded. 
Simultaneous complexation of both cation and anion was clearly demonstrated 
because a shift of the NMR signals of both the azacrown and the calixpyrrole 
moieties was observed (Table 3). 
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Table 3. Change in 1H NMR chemical shifts [ppm] of selected protons after complexation of 
1 with different salts. 
Salts Ha Hc Hi Hj  
LiF -0.01 -0.01 0.01 0  
LiCl -0.23 -0.16 0.08 0.01  
LiBr -0.25 -0.18 0.05 0.13  
NaF -0.02 -0.02 0.01 0.01  
NaCl -0.21 -0.14 0.10 0.05  
NaBr -0.26 -0.18 0.03 0.10  
KF -0.22 -0.11 0.26 -0.25  
KCl -0.20 -0.13 0.22 -0.19  
KBr -0.20 -0.13 0.28 -0.24  
 
In general, anion coordination induced a shift in all of the proton signals 
related to the calixpyrrole moiety. Thus, the β-pyrrolic protons (Ha and others, 
Figure 1) and the vinylic proton Hc are shielded upon anion coordination 
(consistent with an electronic density injection of the anion to the conjugated 
system), whereas the N–H and meso-methyl groups and the Hb vinylic proton 
become deshielded. 
On the other hand, cation coordination has a strong effect on the chemical 
shifts of the protons related to the A18C6 moiety. For instance, protons Hi and 
Hh (see Supporting Information) are deshielded upon cation coordination, 
along with the aliphatic protons of the coronand. This observation is consistent 
with the electronic demand of the cationic species. 
Among all the salts studied, KF and KBr produced the largest shifts in the 
signals of Hc, Hi and Hj, indicating strong complexation. In contrast, the 
changes observed for LiF and NaF were small, which indicates a low extent of 
complexation, presumably because of the high lattice energies of these salts 
(1036 and 923 kJ mol-1, respectively). Notably, the complex with KBr shows 
sharp signals for the NH protons in contrast with the broad signals found for 
the other potassium salts (Figure 5). This behaviour can be related to the size of 
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the bromide ion, which results in a perfect fit of the ion pair into the cavity and, 
thus, the rigidity of the ternary complex is enhanced. Another interesting 
observation was related to the signal of Hj when the Li+, Na+ and K+ salts were 
compared. Whereas the Li+ and Na+ salts lead to a slight deshielding of Hj, the 
opposite behaviour was observed for K+ salts regardless of the counteranion 
(Figure 5, cf. NaBr and KBr; see also Supporting Information). Thus, this 
behaviour seems to be related to the cation size. The small cations are 
preferably complexed by the oxygen atoms of the crown moiety and are most 
likely buried in the cavity. On the other hand, the larger K+ cation completely 
fills the coronand cavity and induces a conformational change that inhibits the 
conjugation between the lone electron pair of the nitrogen atom and the styryl 
extension of the BODIPY core. This conformational modification puts Hj under 
the influence of the aromatic ring. The lack of conjugation is also supported by 
the larger shift of Hi in the potassium salts than in the other compounds 
studied. 
 
Figure 5. 1H NMR spectra of 1 as free ligand (top) and in the presence of NaBr (middle) and 
KBr (bottom) in CD3CN. 
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For the UV/Vis and fluorescence studies, an excess of the diverse salts (10 mg), 
previously dried, was added to 10-5 M CH3CN solutions (3 mL) of 1, and the 
mixtures were mechanically stirred for 24 h in the dark. After this time, the 
solutions were filtered and their spectroscopic properties were measured. The 
complexation of 1 with different inorganic salts generated different 
macroscopic responses in the two optical channels (absorption and emission). 
All the alkali halides showed a hypochromic effect and a hypsochromic 
displacement of the main absorption band, which suggests that the electronic 
properties of the complexes are mainly governed by the interaction of the 
cation with the azacrown moiety and modulated by the presence of the anions 
(Figure 6). 
 
 
Figure 6. UV/Vis spectrum of 1 (1 × 10-5 M in CH3CN) as a free ligand and after 24 h of 
mechanical agitation in the presence of 10 mg of NaF, NaCl and NaBr. 
However, this is not the only effect to be taken into account, as the interaction 
of the anion with the C[4]P moiety could induce electrostatic and 
conformational changes in the ligand that would favour the cation 
complexation (see Supporting Information). 
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Additionally, the ion-pair size and its association constant could play a role in 
the entire process. 
 
The fluorescence behaviour followed the same pattern as the absorption bands. 
All fluorescence emission spectra are slightly hypsochromically shifted, 
presumably because of the interaction of the cation with the azacrown moiety. 
Less-coordinating anions (Br- or Cl-) did not compensate the cation effect, 
whereas anions with a higher affinity for the C[4]P unit such as F- reduced this 
blueshift. However, the distinct effect of anion binding, fluorescence 
quenching, was also found in all of the complexes formed (Figure 7). 
 
Figure 7. Fluorescence spectrum of 1 (1 × 10-5 M in CH3CN) as a free ligand and after 24 h of 
mechanical agitation in the presence of 10 mg of KF, KCl and KBr. 
The intensity of the quenching did not follow the trend observed with the 
corresponding anions as tetrabutyl-ammonium salts, most likely because ion 
association is only considerably moderate for all of the TBA salts (e.g., Ka = 
27.45 for TBABr and 24.71 for TBAClO4).[26b,26c] However, the K+ salts follow a 
comparable trend to that mentioned for Li+ salts above (the only data available 
for K+ salts is Ka = 32.68 for KClO4).[26b,26c] The anion coordination of C[4]P seems 
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to be modulated by the presence of the potassium ion. The strong interaction 
between K+ and F- ions displaces the anion to a certain degree from the C[4]P 
cavity; therefore, the extent of coordination is diminished compared with that 
of KBr, for example, because the Br- ion is larger and undergoes weaker 
electrostatic interactions. These factors should allow the bromide ion to fit 
better into the C[4]P cavity and still fulfil the electrostatic needs of the K+ 
cation. As a consequence, as compared to the TBA salts, the bromide ion 
modulates the fluorescence intensity of 1 more efficiently in the presence of K+. 
However, the most dramatic effect besides spectral shifts and fluorescence 
quenching is the strong hypochromic change of the main BODIPY-centred 
absorption transitions. Such a pronounced reduction in oscillator strength 
cannot only be related to a decoupling of the nitrogen atom of the crown from 
the π system through cation complexation, for instance, protonated 6 (Figure 3) 
does not show such a behaviour,[15a] but is most probably related to a twisting 
of the appended pyrrole ring out of the BODIPY plane upon the formation of 
the ion-pair complex. The complexation of the ion pair, especially in the case of 
the larger and strongly electrostatically attracted ions such as K+ and Br-, can 
only occur if the crown unit adopts an “L” shape with the cavity pointing 
toward the void of the tweezers and if the entire C[4]P unit adopts an almost 
perpendicular conformation with regard to the ? plane (see Figure 10).  
Combining the observations obtained in the studies with different inorganic 
salts, we can span a matrix that allows the discrimination between different ion 
pairs on the basis of their absorption and fluorescence behaviour. In Figure 8, a 
3D plot of the ratio between the absorption at 680 and 625 nm (x coordinate), 
the emission intensity (z coordinate) and the emission maximum wavelength (y 
coordinate) is presented. Upon closer inspection, it is evident that the different 
complexes show a particular clustering, which permits the identification of the 
different salts or ion pairs by comparatively simple means. The differences in 
effects for the weakly soluble salts (LiF, NaF, etc.) and the more soluble salts 
(e.g., KBr) in particular in the NMR and optical spectroscopic studies is 
presumably related to the effective ratios of the partners in the final 
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measurement solutions. At NMR concentrations, too little of the weakly soluble 
salts are dissolved to achieve full complexation. 
 
Figure 8. 3D representation of significant changes in the spectroscopic properties of 1 in the 
presence of different inorganic salts. 
Considering other guests that express two differently charged entities, the 
tweezerlike architecture of 1 should also be suitable for the binding of 
zwitterionic guests of a certain topology, for instance, amino acids. For these 
experiments, glycine, tyrosine, arginine, cysteine, aspartic acid, glutamic acid 
and γ-aminobutyric acid (GABA) were considered. The amino acids were dried 
and added in an excess (10 mg) to 10-5 M CH3CN solutions (3 mL) of 1 followed 
by mechanical stirring of the mixtures for 24 h in the dark. After filtration, the 
absorption and emission spectra of the solutions were recorded. 
Glycine, tyrosine, cysteine and glutamic acid showed a very similar behaviour 
in absorption with a main band at ca. 677 nm and a shoulder at 631 nm (see the 
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examples for Gly and GABA in Figure 9; for the other amino acids, see 
Supporting Information). These spectra are slightly hypsochromically shifted 
by ca. 10 nm compared with that of free 1. This behaviour can be explained by 
the complexation of the ammonium group of the amino acid in analogy to the 
cation complexation features described above. 
 
Figure 9. UV/Vis spectra of 1, 1 + GABA and 1 + Gly (top) and emission spectra (λexc = 685 
nm) of 1, 1 + GABA and 1 + Gly (bottom). 
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However, when the UV/Vis spectra of 1 with sodium halides (Figure 6) are 
compared with the spectrum of 1 + Gly (Figure 9, top), it is clear that the 
interaction of the ammonium group with the azacrown ether is less 
pronounced for 1 + Gly. In addition, the binding of the ammonium group in 
the cavity of the crown seems to dominate over the binding of the carboxylate 
group to C[4]P. On the other hand, the UV/Vis spectra of the complexes of 1 
with Arg and especially GABA show a shape that is very similar to that of the 
ion-pair complexes (Figure 6). 
For GABA in particular, the distance between the anionic and cationic moieties 
seems to be much better suited to satisfy the coordination needs of 1, 
presumably through 1:1 complexation by simultaneous binding of the guest in 
both the cation and the anion receptor.[27] 
 
Figure 10. Schematic illustration of 1–GABA (left) and 1–Gly (right) complexes. The 
distance is adequate for the complexation of GABA with the two hosts, whereas glycine can 
only be complexed by either the azacrown or the calixpyrrole moiety. The angles shown are 
approximations based on results obtained after computation of a model compound. 
Tentative structures for the possible complexes between 1 and GABA and Gly 
are shown in Figure 10. The truncation of the extended π system by twisting of 
the C[4]P moiety is also illustrated in Figure 10; this also leads to a reduction in 
oscillator strength and a hypochromic change in absorption in the case of the 
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zwitterionic guests and supports the interpretation given above for the good fit 
of ion pairs such as K+/ Br-. 
 
Figure 11. Top: 3D representation of significant changes in the optical properties of 1 in the 
presence of several amino acids. Bottom: structures of these amino acids. 
The fluorescence spectra show a similar behaviour to those of the alkaline salts; 
the magnitude of fluorescence quenching seems to be related to the strength of 
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the complexation. By following a similar approach to that previously described 
(using data from UV and fluorescence spectra), the studied amino acids can be 
discriminated (Figure 11). 
Conclusions 
We have synthesized a heteroditopic receptor for the simultaneous recognition 
of anions and cations. In the presence of cations with inactive counterions, 
hypsochromic shifts of both the absorption and emission bands were observed. 
By contrast, in the presence of anions with inactive counterions, bathochromic 
shifts of both the absorption and the emission bands along with fluorescence 
quenching were observed. In the presence of diverse alkali halides, clear 
changes in the UV/Vis, fluorescence and 1H NMR spectra were observed. The 
combination of optical changes induced after complexation of different alkali 
halides is different in each case and can be used to discriminate between the 
salts. It is important to note that the single effects are retained in these cases 
and an additional hypochromic synergistic effect occurs, that is, the anion and 
cation do not annihilate each other like they do in various other reported 
systems. Finally, compound 1 also gives rise to different responses in the 
presence of zwitterionic amino acids. The distance between the ammonium and 
the carboxylate group is a crucial factor for the optical behaviour of the 
complexes. 
Experimental Section 
Materials and Methods: Tetrahydrofuran was distilled from Na prior to use. 
All other materials were purchased and used as received. The 1H and 13C NMR 
spectra were recorded by using Bruker DRX-500 and Bruker Avance 400MHz 
spectrometers. HRMS spectra were recorded with an AB SCIEX QTOF mass 
spectrometer. UV/Vis measurements were performed by using 1 cm path 
length quartz cuvettes with a Shimadzu UV-2101PC spectrophotometer. 
Fluorescence spectra were recorded with Varian Cary Eclipse and Horiba 
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Jobin–Yvon FluoroMax-4P fluorescence spectrophotometers. Fluorescence 
experiments were performed with a 90° standard geometry with polarizers set 
at 54.7° for emission and 0° for excitation. 
The fluorescence quantum yields (Φf) were determined relative to that of 3 in 
acetonitrile (Φf = 0.10±0.01).[17] 
The synthetic procedure for 2 can be found in ref.[15] The synthesis of 3 was 
performed as described in ref.[28] 
The fluorescence lifetimes (τf) were determined by a unique customized laser 
impulse fluorometer with picosecond time resolution, which we described in 
an earlier publication.[17] The fluorescence was collected at a right angle 
(polarizer set at 54.7°), and the fluorescence decays were recorded with a 
modular single-photon timing unit.[17] Typical instrument response functions 
[full width at half-maximum (fwhm) ca. 40 ps] and a time division of 1.2 ps per 
channel allowed us to obtain an experimental accuracy of ±3 ps. Typical 
excitation energies were in the nanowatt to microwatt range (average laser 
power). The fluorescence lifetime profiles were analyzed with a PC by using 
the Global Unlimited V2.2 software package (Laboratory for Fluorescence 
Dynamics, University of Illinois), and the goodness of the fit was calculated 
from the reduced χR2 and autocorrelation function C(j) of the residuals. 
UV/Vis quantitative analysis was performed by adding aliquots of different 
cations or anions (as ClO4-or TBA+ salts) to 1×10-5 M CH3CN solutions of 1. 
Solid–liquid phase extraction experiments were performed by adding the 
different salts (10 mg) to 1 × 10-5 M CH3CN solutions (3 mL) of 1. Mixtures were 
mechanically stirred for 24 h. After that time, the solutions were filtered, and 
the UV/Vis and fluorescence spectra were recorded. 
Full complexation experiments of 1 with TBA+ and ClO4- salts were achieved by 
adding an excess (ca. 10 mg) of the salts to 1 × 10-5 M CH3CN solutions (3 mL) 
of 1, which were then stirred for 24 h. The solutions were then filtered to 
remove the remaining solid (if any). 
 
Synthesis of compound 4: 4-[Bis(2-hydroxyethyl)amino]benzaldehyde (729 
mg, 3.49 mmol) was dissolved in dry THF (220 mL) under an argon 
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atmosphere. Then, 60 % sodium hydride (860 mg, 21.11 mmol) was carefully 
added to the reaction mixture. The reaction was then heated to reflux for 2 h. 
After this time, tetraethylene glycol di-p-tosylate (1.83 g, 3.64 mmol) was added 
dropwise over 2 h with an automatic syringe. The macrocycle formation 
reaction was heated to reflux for 96 h. Then, water (10 mL) was added, and the 
mixture was stirred for 5 min. The organic solvent was evaporated, and the 
mixture was redissolved in EtOAc and washed three times with 10% NaHCO3. 
The aqueous layer was reextracted with EtOAc, and the combined organic 
layers were washed with brine and dried with MgSO4. The remnant oil was 
purified by flash chromatography with dichloromethane/MeOH 
(DCM/MeOH 95:5 → 80:20) as eluent to yield a yellowish oil (642 mg, 50 %). 
Rƒ= 0.47 (DCM/ MeOH, 95:5). IR ν = 3330, 2971, 2927, 2887, 1656, 1452, 1385, 
1098, 1049, 880 cm-1. 1H NMR (500 MHz, CDCl3): δ = 9.73 (s, 1 H), 7.72 (d, J = 
8.8Hz, 2 H), 6.75 (d, J = 8.8Hz, 2 H), 3.79–3.57 (m, 24 H) ppm. 13C NMR (126 
MHz, CDCl3): δ = 190.10, 152.69, 132.13, 125.27, 111.05, 70.88, 70.84, 70.79, 70.77, 
68.36, 51.47 ppm. HRMS (EI): calcd. for C19H30NO6 [M + H]+ 368.2068; found 
368.2073. 
 
Synthesis of compound 5: BODIPY 2 (429 mg, 1.30 mmol) and aldehyde 3 (400 
mg, 0.88 mmol) were dissolved in dry toluene (30 mL) in a two-neck round-
bottomed flask connected to a Dean–Stark apparatus. Then, piperidine (2.8 
mL), a small amount of 3 Å molecular sieves, and trace amounts of p-TsOH 
were added to the mixture. The reaction was kept under argon at the reflux 
temperature of toluene for 2 h. After this time, the reaction mixture was 
allowed to reach room temperature, and then the solvent was evaporated. The 
residue was redissolved in EtOAc and washed with 10% NH4Cl three times. 
The aqueous layer was reextracted with EtOAc, and the combined layers were 
dried with NaCl (satd.) and MgSO4. The product was purified by column 
chromatography with neutralized silica (Et3N) as the stationary phase and a 
hexane/EtOAc mixture (95:5 → 85:15) as eluent. A deep blue solid (225 mg, 
34 %) was obtained along with the disubstitution isomer (80 mg, 4 %). Rƒ = 0.55 
(EtOAc/Hex, 2:8). IR: ν = 3418, 2971, 2922, 2869, 1696, 1602, 1540, 1478, 1425, 
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1297, 1191, 1155, 1102, 1044, 982, 765 cm-1. 1H NMR (500 MHz, CD2Cl2): δ = 7.70 
(d, J = 15.7 Hz, 1 H), 7.57– 7.52 (m, 3 H), 7.40–7.36 (m, 2 H), 7.31 (s, 1 H), 7.29 (s, 
1 H), 7.20 (dd, J = 15.9, 1.9 Hz, 1 H), 7.02 (s, 1 H), 6.95 (s, 1 H), 6.60 (s, 1 H), 6.39 
(d, J = 2.9 Hz, 1 H), 6.04 (s, 1 H), 6.01–5.95 (m, 4 H), 5.91 (t, J = 3.0 Hz, 1 H), 5.87 
(t, J = 3.0 Hz, 1 H), 2.58 (s, 3 H), 1.72 (s, 6 H), 1.57 (s, 6 H), 1.56 (s, 6 H), 1.55 (s, 6 
H), 1.48 (s, 3 H), 1.44 (s, 3 H) ppm. 13C NMR (126 MHz, CD2Cl2): δ = 155.26, 
152.42, 143.26, 140.83, 139.38, 139.07, 138.92, 138.67, 138.63, 138.27, 137.50, 
137.47, 137.44, 135.21, 132.93, 132.31, 130.97, 129.01, 128.77, 128.43, 120.25, 
117.42, 117.32, 114.12, 103.68, 103.66, 103.52, 102.83, 102.78, 102.47, 101.85, 37.45, 
35.15, 35.08, 35.01, 30.57, 29.50, 28.95, 28.41, 28.35, 14.38, 14.27, 13.94 ppm. 
HRMS (ESI): calcd. for BC48F2H54N6 [M + H]+ 763.4466; found 763.4439. 
 
Synthesis of compound 1: Compound 5 (160 mg, 0.21 mmol) and aldehyde 4 
(77 mg, 0.21 mmol) were dissolved in dry toluene (30 mL) in a two-neck round-
bottomed flask connected to a Dean–Stark apparatus. Then, piperidine (0.2 
mL), a small amount of 3 Å molecular sieves, and trace amounts of pTsOH 
were added to the mixture. The reaction mixture was heated to reflux under 
argon for 2 h. After this time, the mixture was allowed to reach room 
temperature, and then the solvent was evaporated. The residue was 
redissolved in EtOAc and washed with NH4Cl 10% three times. The aqueous 
layer was reextracted with EtOAc, and the combined layers were dried with 
satd. NaCl and MgSO4. The product was purified by column chromatography 
with neutralized silica (Et3N) as the stationary phase and hexane/EtOAc (95:5 
→   85:15) as the eluent. A dark green solid was obtained (62 mg, 27 %). IR: ν = 
3406, 3308, 3104, 3063, 2965, 2925, 2863, 1732, 1656, 1594, 1514, 1483, 1429, 1376, 
1287, 1166, 1104, 1046, 984, 948, 770, 730 cm-1. 1H NMR (500 MHz, 
[D2]dichloromethane): δ = 7.65 (d, J = 15.8 Hz, 1 H), 7.55–7.46 (m, 5 H), 7.48 (d, J 
= 16.8 Hz, 1 H), 7.39–7.33 (m, 3 H), 7.30 (s, 1 H), 7.21 (d, J = 15.8Hz, 1 H), 7.20 
(d, J = 16.8Hz, 1 H), 6.99 (s, 1 H), 6.94 (s, 1 H), 6.72 (d, J = 8.9 Hz, 2 H), 6.63 (s, 1 
H), 6.56 (s, 1H), 6.42 (d, J = 2.8 Hz, 1H), 5.99 – 5.91 (m, 4H), 5.87 (t, J = 3.1 Hz, 1 
H), 5.84 (t, J = 3.0 Hz, 1 H), 3.79 – 3.50 (m, 24 H), 1.70 (s, 6H), 1.58 (s, 6H), 1.53 
(s, 6H), 1.51 (s, 6H), 1.45 (s, 3H), 1.45 (s, 3 H) ppm. 13C NMR (126 MHz, CD2Cl2): 
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δ = 153.85, 152.95, 149.47, 141.94, 141.69, 139.91, 139.47, 139.12, 138.88, 138.82, 
138.22, 138.16, 138.06, 137.10, 136.83, 136.04, 133.38, 133.33, 131.64, 129.62, 
129.49, 129.42, 129.26, 125.05, 118.12, 117.57, 117.52, 115.14, 114.64, 112.31, 
104.23, 104.18, 104.07, 103.42, 103.33, 103.09, 102.47, 71.30, 71.28, 71.19, 71.15, 
69.07, 51.80, 38.04, 35.78, 35.68, 35.59, 30.09, 29.64, 29.02, 28.94, 14.88, 14.87 ppm. 
HRMS (ESI): calcd. for BC67F2H80N7O5 1112.6341; found 1112.6358. 
 
Supporting Information (see footnote on the first page of this article): IR, NMR 
and HRMS spectra of 1, NMR spectra of 1 in the presence of different salts, 
emission and absorption spectra of 1 free and in the presence of different salts 
and amino acids, titration of 1 with TBAF and KClO4 in acetonitrile. 
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Chapter 4. Detection of chemical warfare of G series: 
nerve agents 
4.1. Introduction 
Chemical warfare agents (CWAs) are weapons that use the toxic properties of a 
chemical substance for the purpose of killing or incapacitating a human being. 
The first written references of humans using chemical warfare were found in 
China and date back to the tenth century BC.[153] The manuscript describes the 
preparation of toxic fumes, some of them containing arsenic or mustard seeds. 
However, these are not the first known uses of chemical warfare because 
humans smeared their arrowheads with snake or scorpion poison back in the 
Stone Age.[154] 
Other ancient references of CWAs include the use of sulphur by Sparta in the 
Peloponnesian war in 424 BC[155] or da Vinci’s proposal of using bombs based 
on sulphur, arsenic, tarantula venom, toxic toads and the saliva of mad dogs 
against enemy boats. 
The inflexion point for the utilisation of CWAs occurred in the World War I. At 
that point, armies became aware of the destruction power of chemical warfare 
and began to use it on a large scale:  
·German armies used chlorine gas against their enemies.[156] 
·British troops used mustard gas and nerve agents against Kurdish resistance in 
the old Mesopotamia.[157] 
·Between 1921 and 1927, when Franco was colonel, Spanish troops used 
phosgene, mustard gas and yperite against Moroccans in the Rif War.[158] 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
153 A. Richardt. CBRN Protection: Managing the Threat of Chemical, Biological, Radioactive and Nuclear Weapons 
(2013, Wiley-VCH Verlag & Co., Germany), p. 4. 
154 H. J. Deacon, J. Deacon. Human Beginnings in South Africa: Uncovering the Secrets of the Stone Age. (1999, New 
Africa Books). 
155 C. A. Browne. Ind. Eng. Chem., 1922, 8, 22. 
156 A. Gibson. J. Urban. Health., 1937, 13, 397. 
157 R. M. Black, R. J. Clarke, R. W. Read, M. T. J. Reid. J. Chromatogr. A, 1994, 662, 301. 
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·Mussolini’s regime caused 15,000 deaths with mustard gas in Ethiopia.[159] 
·Nazis used hydrogen cyanide or Zyklon B in gas chambers in the 
Holocaust.[160] 
In more recent times, armies have developed more destructive chemical 
warfare, and started to test and use them. For instance, the USA experimented 
with incapacitating agent BZ in Vietnam,[161] and Irak caused massive kills with 
Tabun and mustard gas in the Iran war.[162] 
Some terrorist groups have also had access to such weapons. One example of 
such is the Japanese group Aum Shinrikyo, which attached with Sarin gas in 
the Tokyo metro.[163] 
In more recent months, and while this thesis was being written, the world 
witnessed a new attack with CWAs in the Syrian war.[164] There, armies used 
Sarin gas with civilians and caused hundreds of deaths. 
Nerve agents, a very toxic family of CWAs 
Sarin gas (GB), together with Cyclosarin (GF), Tabun (GA) and Soman (GD), 
belongs to a very dangerous family of CWAs, the so-called nerve agents.[165] 
These compounds are highly toxic phosphonic acid esters. Their production is 
low-cost and simple, which makes them all the more popular among armies 
and terrorist groups.[166]  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
158 K. Rudibert; R.-D. Müller. Giftgas Gegen Abd El Krim: Deutschland, Spanien und der Gaskrieg in Spanisch-
marokko, 1922. (1990, Rombach, Freiburg) 
159 A. J. Barker. The Rape of Ethiopia. (1936, Ballantine Books, New York) 
160 Y. Gutman, M. Berenbaum (Eds.). The Anatomy of the Auschwitz Death Camp. (1994, Indiana University Press, 
Bloomington). 
161 D. Hank Ellison. Chemical Warfare During the Vietnam War: Riot Control Agents in Combat. (2010, Routledge, 
London) p. 134. 
162 Annex B: Iraq’s Chemical Warfare Program. Iraq Survey Group Final Report (2004, GlobalSecurity.org). 
163 a) E. Croddy. Jane’s Intelligence Rev. 1995, 7, 520; b) H. Nozaki, N. Aikawa. Lancet, 1995, 345, 1446; c) T. Suzuki, H. 
Morita, K. Ono, K. Maekawa, R. Nagai, Y. Yazaki. Lancet, 1995, 345, 980. 
164 J. P. McDonnell. Syrian rebels allege new gas attack by government (2013, 21 August, Los Angeles Times). 
165 a) W. S. Angerson, Chemical and Biological Warfare Agents, RAND Reports, 2000, 5; b) D. R. Walt, D. R. Franz. Anal. 
Chem., 2000, 72, 738. 
166 T. Okumura, N Takasu, S. Ishimatsu, S. Miyanokim, A. Mitsuhashi, K. Kumada, K. Tanaka, S. Hinohara. Ann. 
Emerg. Med., 1996, 28, 129. 
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Chart 4.1. Chemical structures of G and V nerve agents, simulants DFP, DCP and DCNP, 
and some other organophosphonates OP1-OP4. 
Such facts mean that these compounds have become a huge concern for 
governments and civilians alike (see Chart 4.1). 
Nerve agents are closely related to a bigger family of organophosphorous 
insecticides since some are by-products of insecticide research (see Chart 4.1). 
Intoxication with these G agents may occur by inhalation, contact with skin, or 
through the intake of foods or liquids contaminated with nerve agents. 
After intoxication, nerve agents irreversibly bind to a free serine residue of 
acetylcholinesterase to inhibit its enzymatic task.[167] The function of this enzyme 
is to hydrolyse acetylcholine wherever it is released. After acetylcholinesterase 
inhibition, acetylcholine over-accumulates in various places, including ciliary 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
167 a) A. W. Abu-Qare, M. B. Abou-Donia. Food Chem. Toxicol., 2002, 40, 1327; b) J. Wang, J. Gu, J. Leszczynski. 
Phosphonylation Mechanisms of Sarin and Acetylcholinesterase:   A Model DFT Study. 2006, 110, 7567. 
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body, bronchial tree, gastrointestinal tract, bladder and blood vessels, cardiac 
muscle, and in the endings of sympathetic and parasympathetic junctions of 
nerves.[168, 169] 
The observed symptoms depend on the intoxication route. If a patient has been 
exposed through inhalation, respiratory symptoms are the first to appear, 
while gastrointestinal symptoms are the first to be manifested after exposure 
through ingestion. 
Effects of intoxication include the hindering of muscle relaxation, 
hyperventilation and death in strong exposure cases.[170]  
There are some antidotes that either reduce the effects of the over-accumulation 
of acetylcholine (e.g. atropine) or reactivate the enzymatic task of 
acetylcholinesterase[171], but they need to be rapidly applied within a very few 
minutes after intoxication.  
 
Figure 4.1. Acetylcholinesterase representation: a) enzymatic reaction with acetylcholine and 
b) inhibition mechanism mediated by nerve agents. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
168 T. C. Marrs. Pharmacol. Ther., 1993, 58, 51.  
169 F. R. Sidell, J. Borak. Ann. Emerg. Med., 1992, 21, 865. 
170  F. R. Sidell, E. T. Takafuji, D. R. Franz. Medical aspects of chemical and biological warfare. (1997, Borden Institute, 
Walter Reed Army Medical Center) pp. 147. 
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The	  chemistry	  of	  G	  series	  nerve	  agents	  
The covalent interaction of acetylcholinesterase and nerve agents is carried 
through an SN2 reaction: a hydroxyl group of a serine residue of 
acetylcholinesterase attacks the electrophilic phosphorous atom of the nerve 
agent to displace F- or CN- (depending on the nerve agent used) as a leaving 
group.[172] 
The electrophilic character of the phosphorous atom determines the stability of 
the agent since highly reactive nerve agents hydrolyse quickly in basic water, 
while other less reactive agents can be more persistent.[173 ] The resulting 
product of hydrolysis is a non-toxic phosphoric acid derivative. [174] 
One example of very persistent nerve agents are V-agents (see Chart 4.1). In 
structural terms, these compounds are highly related to G agents. They were 
discovered some years after the first nerve agents and they are 10-fold more 
toxic than the agents in the G series.  
Detection methods 
The detection and monitoring of nerve agents have been the goal of many 
research groups. These tasks have already been accomplished by different 
methodologies: ion mobility spectroscopy,[ 175 ] gas chromatography-mass 
spectrometry,[176] proton transfer mass spectrometry,[177] enzymatic assays or 
biosensors,[ 178 ] electrochemical sensors,[ 179 ] microcantilevers,[ 180 ] photonic 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
172 M. Ehrich. Encyclopedia of Toxicology, (Ed. P. Wexler), (1998, Academic Press, San Diego),  467. 
173 Y. C Yang, F. J. Berg, L. L. Szafraniec, W. T. Beaudry, C. A. Bunton, A. Kumar. J. Chem. Soc., Perkin Trans., 1997, 2, 
607. 
174 Nerve Agents, A FOA Briefing Book on Chemical Weapons, 1992, (from www.gas.org/cw/cwagents). 
175 a) K. M. Roscioli, M. R. Lamabadusuriya, C. S. Harden, A. J. Midey, C. Wu, W. F. Siems, H. H. Hill Jr. Int. J. Ion 
Mobil. Spectrom., 2013, 1; b) M. Maziejuk, M. Ceremuga, M. Szyposzyńska, T. Sikora. Open J. Phys. Chem., 2013, 3, 
170. 
176 Y. Seto, M. Kanamori-Kataoka, K. Tsuge, I. Ohsawa, K. Iura, T. Itoi, H. Sekiguchi, K. Matsushita, S. Yamashiro, Y. 
Sano, H. Sekiguchi, H. Maruko, Y. Takayama, R. Sekioka, A. Okumura, Y. Takada, H. Nagano, I. Waki, N. Ezawa, 
H. Tanimoto, S. Honjo, M. Fukano, H. Okada. Anal. Chem., 2013, 85, 2659. 
177 J. M. Ringer. Eur. J. Mass Spectrom., 2013, 19, 175. 
178 a) M. Pohanka. Anal, Lett., 2013, 46, 1849; b) M. Pohanka, V. Adam, R. Kizek. Sensors, 2013, 13, 11498.; c) V. Dhull, 
A. Gahlaut, N. Dilbaghi, V. Hooda. Biochem. Res. Int., 2013, 2013, 731501. 
179 a) X. Ge, Y. Tao, A. Zhang, Y. Lin, D. Du. Anal. Chem., 2013, 85, 9686; b) H. Y. Tan, W. K. Loke, N. T. Nguyen, S. N. 
Tan, N. B. Tay, W. Wang, S. H. Ng. Biomed. microdevices, 2013, 1; c) A. Sahin, K. Dooley, D. M. Cropek, A. C. West, S. 
Banta. Sensor. Actuat. B- Chem., 2011, 158, 353. 
180 a) Y. Yang, H. Ji, T. Thundat, J. Am. Chem. Soc., 2003, 125, 1124; b) Q. Zhao, Q. Zhu, W. Y. Shih, W. H. Shih. Sensor. 
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crystals,[181] optical-fibre arrays,[182] etc. However, all these methods present at 
least one of the following drawbacks: low sensitivity, lack of specificity, limited 
selectivity, operational complexity, low portability, high costs or qualified 
personnel is required to operate the devices, and even false-positive readings in 
some cases. 
Molecular chemodosimeters for the detection of nerve agents 
An alternative to these previously indicated methods is the design and use of 
colorimetric or fluorescent chemosensors or reagents (chemodosimeters). These 
receptors can provide a very simple, cost-less method for detecting CWAs. In 
fact, the benefits of molecular sensors and chemodosimeters are most desirable 
in the detection of nerve agents: they provide fast, selective on-the-field 
detection, are widely available and are easily portable instrumentation, and 
offer mass production and detection by the naked eye. 
First	  chemosensors	  for	  CWAs	  
NOTE: It is worth mentioning that research with these agents is very dangerous and 
can be lethal. Thus special protection against them is always essential. In most cases, 
the chemodosimeters designed for nerve agents are tested against the less toxic DFP, 
DCNP or DCP agents, which can be considered mimics or simulants of the very lethal 
Sarin, Soman and Tabun. 
 
In 1944, Schönemann, and also Gehauf, described a method for indicating the 
presence of nerve agents, which was based on the oxidation of certain aromatic 
amines mediated by organophosphorous compounds to produce yellow to 
orange colours.[ 183 , 184 ] The detection reaction was carried out in sodium 
perborate aqueous solutions at pH 10. In this medium, organophosphorous 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
181 a) F. Liu, S. Huang, F. Xue, Y. Wang, Z. Meng, M. Xue. Biosens. Bioelectron., 2012, 32, 273; b) W. He, Z. Liu, X. Du, Y. 
Jiang, D. Xiao, Talanta, 2008, 76, 698. 
182 M. J. Aernecke, D. R. Walt. Sensor. Actuat. B Chem., 2009, 142, 464.  
183 R. B. R. Schönemann, New Reaction for Detection of Metalloid Non-metal Labile Halogen Linkages, (transl. C. L. 
Wheeler), (1944, Office of Publication Board, US Dept. Of Commerce, PB119887). 
184 B. Gehauf, J. Epstein, G. B. Wilson, B. Witten, S. Sass, V. E. Bauer, W. H. C. Rueggeberg. Anal. Chem., 1957, 29, 278. 
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compounds derive to the corresponding peracids, which later oxidise aromatic 
amines. The same authors also described a fluorescent chemodosimeter for 
nerve agents based on this previous methodology.[185] These studies tested with 
Sarin, Soman and DFP, among others. 
Since then, very few works on chemosensors or chemodosimeters for these 
CWAs have appeared in the literature. However in the last decade, interest in 
detecting these species by chromo- or fluorogenic methods has considerably 
grown. 
Actual	  nerve	  agent	  chemosensors	  
Some examples of chemodosimeters for the chromo- and/or fluorogenic 
detection of nerve agents are described below. 
Pilato et al developed a chemodosimeter for nerve agents based on a cyclisation 
process.[ 186 ] Receptor 4.1, a platinum 1,2-enedithiolate complex with an 
appended alcohol, attacks the central phosphorous atom of nerve agents (I) to 
form intermediate II (see Scheme 4.1). Phosphoester is a good leaving group 
that facilitates intramolecular cyclisation to provide III. 
 
Scheme 4.1. Detection reaction of organophosphates and oranothiophosphates mediated by 
chemodosimeter 4.1. 
Compound 4.1, which was initially non-fluorescent, produces a large 
fluorescence emission spectrum with two bands centred at 605 nm and 710 nm 	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186 K. A. Van Houten, D. C. Heath, R. S. Pilato. J. Am. Chem. Soc., 1998, 120, 12359. 
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upon exposure to phosphate, thiophosphate and phosphinate esters. The 
authors attribute the emission spectrum to an intraligand charge-transfer 
(ILCT) excited state. 
This sensing methodology inspired many authors to design other 
chemosensors based on the formation of cyclised quaternary ammonium salts. 
Some good examples are those published by Zhang and Swager, who 
developed a series of biaryl derivatives (see 4.2 and 4.3 in Scheme 4.2), whose 
fluorescence emission intensity increased once cyclised (tested with DFP and 
DCP).[187] 
  
Scheme 4.2. The chemical structures of chemodosimeters 4.2 and 4.3 before and after 
exposure to nerve agents mimic DCP and DFP. 
Alternatively, Rebek and Dale synthesised and tested fluorescent 
chemodosimeters derived from Kemp’s triacid (see Chart 4.2).[188] This moiety 
was functionalised with different fluorophores and a primary alcohol designed 
to cyclise with the tertiary amine. 
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Chart 4.2. Chemical structures for nerve agents chemodosimeters 4.4 - 4.6. 
The amine is responsible for initially inhibiting fluorescence due to a PET 
process between the electronic pair over the nitrogen atom and the 
fluorophore. After cyclisation, the PET is cancelled and fluorescence emission 
intensity increases. 
Other authors, such as Anslyn et al, preferred to use the nucleophilicity of 
oxymates.[189] Initial solutions of compound 4.7 (2.5 × 10-5 M in DMSO, see 
Scheme 4.3) were treated with P4 super-base. 
 
Scheme 4.3. Chemical structure of coumarin-hydroxamate-based chemosensor 4.7 before 
and after exposure to nerve agents that mimic DFP. 
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Then, an η-π* transition band at 443 nm emerged, which is consistent with the 
formation of anionic species. Then aliquots of DFP were added and the main 
absorption band shifted hypsochromically to 401 nm.In 2010, Han developed 
chemodosimeter 4.8 (see Scheme 4.4).[190] This rhodamine-hydroxamate was 
designed in such a clever manner that in the presence of organophosphorous 
compounds, the reaction product undergoes a Lossen rearrangement to form 
II, which unmistakably indicates the presence of the nerve agent. After 
addition of aliquots of DCP, an intense fluorescence emission band, centred at 
590 nm, appears within 20 minutes. 
 
Scheme 4.4.  Chemical structure chemodosimeter 4.8 and detection reaction of DCP in the 
presence of Et3N. After electrophilic attack, the molecule undergoes a Lossen 
rearrangement. 
Other recent colorimetric probes for the detection of nerve agents include 
chemodosimeters using imines as sensing units,[191] Förster resonance electron 
transfer (FRET) processes,[192 ] the plasmon band of gold nanoparticles,[193 ] 
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discolouration of coordination complexes,[194] or a mixture of chemodosimeters 
fitted in colorimetric arrays.[195] 
The chemodosimeters designed in this thesis 
In the last 7 years, our group has made much effort to design, develop and 
evaluate chemodosimeters for nerve agent detection. Thus, we developed a 
huge collection of chromo- and fluorogenic sensors for G series CWAs. 
We explored different transducing units, which include stilbenes,[196 ] azo-
stilbenes,[197, 198] triarylcarbinols,[199, 200, 201, 202] and BODIPYs.[203, 204] We also used 
primarily two sensing units, both of which were developed in this research 
thesis.  
The	  2-­‐(2-­‐dimethylaminophenyl)ethanol	  sensing	  unit	  
One of these sensing units is based on the 2-(2-dimethylaminophenyl)ethanol 
moiety (see Scheme 4.5). This moiety has two nucleophilic groups, a 
dimethylamino group and a primary alcohol (I). In the presence of some 
organophosphates and organophosphonates, the latter attacks the electrophilic 
phosphorous atom of the nerve agent in an SN2 phosphorylation reaction. 
Consequently, a phosphoester good leaving group is formed (II). 
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195 K. Chulvi, P. Gaviña, A. M. Costero, S. Gil, M. Parra, R. Gotor, S. Royo, R. Martínez-Máñez; F. Sancenón, J. L. 
Vivancos. Chem. Commun., 2012, 48, 10105. 
196 A. M. Costero, M. Parra, S. Gil, R. Gotor, P. M. E. Mancini, R. Martínez- Máñez, F. Sancenón, S. Royo. Chem. Asian 
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4937. 
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Scheme 4.5. Reaction of 2-(2-dimethylaminophenyl)ethanol with some organophosphates. 
Assisted by preorganisation factors, the dimethylamino group attacks the 
carbon atom that holds the phosphoester in an intramolecular cyclisation 
reaction. This yields a cyclic quaternary ammonium salt (III), whose properties 
significantly differ from those of the dimethylamino moiety. 
Coupling	  2-­‐(2-­‐dimethylaminophenyl)ethanol	  with	  different	  transducers	  
We made full use of the electronic properties changes that occur in the 2-(2-
dimethylaminophenyl)ethanol moiety upon reaction with nerve agents to 
modify the optical properties of different transducers. For instance, we 
synthesised azo-stilbene chemodosimeter 4.9 and stilbene derivatives 4.10 - 
4.13[196] (see Chart 4.3), which perform sensing events in the presence of nerve 
agent mimics. These push-pull compounds show strong visible absorptions 
due to an ICT from the electron donating dimethylamino group to electron 
withdrawing –NO2, -CN, pyridinium or antraquinone moieties. 
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Chart 4.3. The chemical structures and maximum absorptions wavelengths (in MeCN) of 
the cited azo-stilbene and stilbenes chemodosimeters. 
In the presence of nerve agents, and after the cyclisation reaction, the positive 
charge over the nitrogen of the quaternary ammonium salt converts this group 
into an inductive electron-withdrawing group, which cancels the ICT. 
Macroscopically, this fact translates into a hypsochromic shift of the main 
absorption band to the UV, with the consequent bleaching of the compound’s 
colour. 
 
Scheme 4.6. The chemical structures and maximum absorption wavelength (in MeCN) of 
nerve agent chemodosimeter 4.14 prior to (left) and after the reaction with nerve agent 
simulant DCP. 
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This sensing paradigm can also be observed in crystal violet derivative 4.14.[202] 
In this case, triarylcarbocation acts as the chromophore (see Scheme 4.6). 
The delocalised positive charge in the dimethylamino substituents works as an 
electron-withdrawing group. Upon cyclisation, the two positive charges bring 
about a bathochromic shift that enhances the ICT character of the molecule. 
We also explored the use of 2-(2-dimethylaminophenyl)ethanol in 
chemodosimeters using BODIPYs as optical transducers.[203, 204] Thus, we 
created compounds 4.15 - 4.17, which are shown in Chart 4.4 and Scheme 4.7. 
The acetonitrile solutions of both compounds show no fluorescence emission in 
the free state (i.e., prior to the interaction with nerve agents). An ICT (from the 
dimethylamino moiety to the BODIPY core) in the excited state efficiently 
deactivates BODIPY fluorescence via non-radiative paths, as explained in 
Chapter 1. The cyclisation of the sensing unit after the detection reaction, with 
the concomitant formation of the positive charge, cancels the possibility of the 
electron pair of the dimethylamino group of travelling to an ICT state. Thus 
after excitation, the fastest relaxation path is via photon emission from the LE 
state. 
 
Chart 4.4. The chemical structures and maximum absorption and emission wavelengths (in 
MeCN) of the BODIPY-based nerve agent mimic fluorogenic chemosensors 4.15 and 4.16. 
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The orthogonal arrangement of the phenyl group at the meso-position in 
compound 4.15, induced largely by the methyl groups at the 1,7-positions, 
practically annuls the electronic conjugation between the sensing unit and the 
transducer. 
 
Scheme 4.7. The chemical structures and maximum absorption and emission wavelengths 
(in MeCN) of BODIPY-based chromo-fluorogenic chemosensor 4.17 prior to (left) and after 
(right) the reaction with nerve agent simulants DCNP and DFP. 
Accordingly, the electronic properties of the BODIPY in the ground state are 
not affected as much after the detection reaction, thus no changes in absorption 
are observed for this compound. 
The sensing unit of compound 4.17 is connected to the fluorophore by means of 
a rotation-free triple bond, which allows coplanarity between the two moieties. 
Thus after cyclisation, not only changes in emission are observed, but also a 
huge hypsochromic shift of the main absorption band. 
The	  triarylmethanol	  sensing	  unit	  
The other sensing units for the nerve agents used to write this thesis are 
triarylmethanol derivatives. Triarylmethanols, as explained in Chapter 1, are 
the leuco form of a big family of cationic dyes. In the presence of nerve agents, 
we observed that some triarylmethanols undergo phosphorylation of the 
tertiary alcohol, followed by a dephosphatation reaction (see Scheme 4.8). [199 - 
201]  This yields a cationic triarylmethene group that strongly absorbs in the 
visible region of the electromagnetic spectrum.  
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In this case, it is also worth noting that both the sensing unit and the transducer 
are the same molecular moiety. Thus it can be said that somehow, the 
transducer is deactivated until the detection reaction occurs. 
 
Scheme 4.8. The proposed general reaction mechanism of synthesised triarylmethanol 
chemodosimeters with nerve agent mimics DCP, DCNP and DFP. 
At this point, the transducer activates its remarkable optic properties by 
signalling the detection event. The sensing paradigm of triarylmethanols is 
most interesting for naked eye detection; i.e., they behave like an OFF-ON 
reagent that has no colour until a nerve agent is present. The human eye is far 
more sensitive to the intensification of a colour over a colourless sample than to 
colour fading. 
Below in Chart 4.5, some examples of these chemodosimeters are depicted: 
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Chart 4.5. The chemical structures of some of the synthesised triarylmethanol derivatives 
for nerve agent sensing. The given maximum absorption wavelengths are for the 
corresponding carbocations in MeCN solution. 
Triarylmethanols provide an easy, fine tuneable method to develop reagents 
that cover the whole visible spectrum. 
Double	  probes	  
Reagent 4.22 can also behave like a double probe for fluorine-containing nerve 
agents.[199] As previously stated, hydrolysis or detection of nerve agents with 
the discussed methods yields phosphonic or phosphoric acid derivatives and 
an anion as a by-product. Sarin, Cyclosarin and Soman, together with DFP, 
contain fluorine that becomes its anionic form after the detection reaction. Thus 
compound 4.22, for instance, reacts with DCNP to yield carbocation II (see 
Scheme 4.9), which produces green-coloured water solutions. 
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Scheme 4.9. The chemical structures and absorption wavelengths of nerve agent double 
probe 4.22 as a free ligand (I), after the reaction with DCP and DCNP (II), or after the 
reaction with DFP (III). 
If DFP is used instead after the cationic species is formed, the F- by-product 
attacks the silicon atom (see III) by desylilating the phenoxide and forming 
ketone IV, which produces deep red solutions. The colour difference between 
species II and ketone IV allows us to distinguish between other 
organophosphates and Sarin, Cyclosarin, Soman and DFP. 
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4.2. Objectives 
The main goal of this chapter was to design, synthesise and evaluate new 
chemodosimeters for nerve agents (G Series) detection. Specifically, the aims 
were to: 
 
·Explore the capabilities of the two previously cited moieties, 2-(2-
dimethylaminophenyl)ethanol and triarylmethanol, as sensing units for nerve 
agents. 
 
·Design colorimetric or fluorometric chemodosimeters that bear triarylmethene, 
stilbene or BODIPY dyes as a transducing unit using the previously cited 
sensing units. 
 
·Design a chemodosimeter capable of selectively discriminating DFP from 
other non-fluorine-containing organophosphates. 
 
·Evaluate the response of synthesised chemodosimeters against moderately 
toxic organophosphates DCP, DCNP and DFP in solution. 
 
·Immobilise the synthesised product on solid supports and evaluate their 
response against DCP, DCNP and DFP in the gas phase. 
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4.3. Chromo-fluorogenic detection of nerve agent 
mimics using triggered cyclization reactions in push-
pull dyes 
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Abstract 
A family of azo and stilbene derivatives (1-9) have been synthesized and their chromo-
fluorogenic behaviour in the presence of nerve agents simulants 
diethylchlorophosphate (DCP), diisopropylfluorophosphate (DFP) and 
diethylcyanophosphate (DCNP) in acetonitrile and mixed water:acetonitrile 3:1 v/v 
solutions buffered at pH 5.6 with MES has been tested. The prepared compounds 
contain 2-(2-N,N-dimethylaminophenyl)-ethanol or 2-[(2-N,N-dimethylamino)-
phenoxy]ethanol reactive groups that are part of the conjugated π-system of the dyes 
and that are able to give acylation reactions with phosphonate substrates followed by 
a rapid intramolecular N-alkylation. The nerve agent mimic-triggered cyclization 
reaction transforms a dimethylamino group into a quaternary ammonium, inducing a 
change of the electronic properties of the delocalized systems that results in a 
hypsochromic shift of the absorption band of the dyes. Similar reactivity studies were 
also carried out with other “non-toxic” organophosphorous but no changes in the UV-
Vis spectra were observed. The emission behaviour of the reagents in acetonitrile and 
water:acetonitrile 3:1 v/v mixtures was also studied in the presence of nerve agent 
simulants and other organophosphorous derivatives. The reactivity between 1-9 and 
DCP, DCNP or DFP in buffered acetonitrile-water 3:1 v/v solutions under pseudo 
first-order kinetic conditions, using an excess of the corresponding stimulant, were 
studied in order to determine the rate constants (k) and the half-life times (t1/2 = ln2/k) 
for the reaction. The detection limits in acetonitrile-water 3:1 v/v were also 
determined for 1-9 and DCP, DCNP and DFP. Finally, the chromogenic detection of 
nerve agent simulants both in solution and in gas phase was tested using silica gel 
containing adsorbed compounds 1, 2, 3, 4 or 5 with fine results.  
Introduction. 
The current increase in international concern in relation to criminal terrorist 
attacks via chemical warfare (CW) agents has brought about increasing interest 
in the development of reliable detection techniques of these lethal chemicals. A 
typical classification of chemical warfare agents includes nerve agents, 
asphyxiant/blood agents, vesicant agents, choking/pulmonary agents, 
lachrymatory agents, incapacitating agents and cytotoxic proteins.[1,2] Among 
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them, nerve agents are especially dangerous species and poisoning may occur 
through inhalation or consumption of contaminated liquids or foods. The 
effects of nerve agents are due to their ability to inhibit the action of 
acetylcholinesterase.[3]  
Chemically, nerve gases are highly toxic phosphoric acid esters, structurally 
related to the larger family of organophosphate compounds. Tabun (GA), Sarin 
(GB) and Soman (GD) were developed during the Second World War, whereas 
further research resulted in the discover of V-nerve-agents. The ease of 
production and extreme toxicity of organophosphorus-containing nerve agents 
underline the need to detect these chemicals. In fact an intense research effort 
has been directed to develop sensitive and selective systems for the detection of 
these compounds. Current methods for nerve agents monitoring are mainly 
based on the use of biosensors,[4] ion mobility spectroscopy (IMS),[5] 
electrochemistry,[6] microcantilevers,[7] photonic crystals[8] and optical-fiber 
arrays.[9] As an alternative to these instrumental methods, the development of 
easy-to-use fluorogenic and chromogenic reagents has been gaining interest in 
recent years.[10] For instance, paradigms involving PET-based fluorescent 
probes,[11] assays using oximate-containing derivatives[12] molecular imprinting 
polymers,[13] nanoparticles,[14] carbon nanotubes,[15] porous silicon[16] or 
displacement-like procedures[17] have been recently reported. Most of these 
paradigms rely in changes in fluorescence properties, whereas few examples 
are related with colour modulations. For instance reported chromogenic 
examples include the sodium perborate-mediated oxidation of the 
organophosphorous agent to a peracid that was able to oxidize certain aromatic 
amines to yield coloured derivatives.[18] Also oximates and hydrazones have 
been used for the development of chromogenic reagents for chemical warfare 
agents. When these moieties were implemented into an organic scaffold with 
absorption bands in the visible region, the reaction with the electrophilic 
phosphorus centers of the simulants induced significant colour 
changes.[12a,12b,12d] Finally, gold nanoparticles as signalling subunits coupled 
with an enzymatic assay (based on the inhibition of the enzymatic activity of 
the acetylcholinesterase) have also been reported.[14a,14d]  
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However, and despite these interesting examples, the development of selective 
chromogenic probes for the detection of these deadly chemical species as 
vapours or in aqueous environments are still rare. Following our interest in the 
development of new chromo-fluorogenic chemosensors[19,20] for target chemical 
species we report herein the design of colorimetric probes for nerve agents 
simulants for their detection in solution or in gas phase. The sensing scheme 
uses the reactivity of the 2-(2-N,N-dimethylaminophenyl)ethanol or 2-[(2-N,N-
dimethylamino)-phenoxy]ethanol fragments with phosphonate substrates and 
its paradigm. A preliminary communication of this study was reported by us 
recently.[21] 
Results and discussion. 
Design of the colorimetric probes. The colorimetric recognition and signalling of 
the nerve agent mimics is based on the use of suitable properties of fragment I. 
This moiety contains a nucleophile, the hydroxyl functional group, which has 
been reported to give acylation reactions with phosphonate substrates to form 
the intermediate II. Additionally it is known that II will suffer a rapid 
intramolecular N-alkylation to yield III, a quaternary ammonium salt. 
Following the scheme of the above mentioned paradigm, we envisaged that the 
use of fragment I as a donor groups and its coupling with an acceptor (A) 
moiety in certain chromophores could be a suitable procedure to develop 
colorimetric probes for nerve agent detection (see Scheme 1). Thus, the overall 
conversion of the corresponding tertiary amine IV to the quaternary 
ammonium V upon reaction with certain organophosphorous (OP) substrates 
will induce a change on the electronic donor properties of the nitrogen atom 
resulting in a decrease of the push-pull character on the dye and in a color 
modulation. Among different possibilities we have used here as reactive 
groups the groups 2-2-(N,N-dimethylamino)phenyl)ethanol or 2-[2-(N,N-
dimethylamino)-phenoxy]ethanol. 
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Scheme 1. A 2-(2-dimethylaminophenyl)ethanol group suffers cyclation reaction in the 
presence of nerve agent simulants. Colorimetric sensing paradigm. The 2-(2-
dimethylaminophenyl)ethanol group acts as donor system in push-pull chromophores. 
Upon reaction with the nerve agent simulants the donor ability of the amine group is 
reduced resulting in a weakening of the push-pull character of the dye and color 
modulation. 
Even thought a similar reaction (acylation and intramolecular N-alkylation) 
had been previously used in fluorogenic nerve agents sensing, this paradigm 
has been barely used for the chromogenic signaling of nerve agents.[21]  
 
Synthesis, characterization and spectroscopic properties.  Chromoreagent 1 (see 
Scheme 2) was prepared by reaction of 2-(2-dimethylaminophenyl)ethanol (11) 
with the diazonium salt of 4-nitroaniline using well-documented procedures 
for the preparation of azo dyes.[22] The starting compound 11 was synthesized 
from 2-nitrotoluene that was in a first step transformed into 2-(2-
nitrophenyl)ethanol following a previously described method.[23] Then, a 
reductive amination in the presence of formaldehyde gave rise to 2-(2-
dimethylaminophenyl)ethanol, (11).[24] Chromoreagents 2 and 3 were prepared 
by the reaction of ethyl 2-(2-dimethylaminophenoxy)acetate (13) with the 
diazonium salts of 4-nitroaniline (for 2) and 4-aminobenzonitrile (for 3). The 
starting compound 13 was prepared from 2-nitrophenol that was in a first step 
N
X O
P
O
OO
R
R
n
N
X OH
n
N
X OH
N
X O
P
O
OO
R
R
N
X
O
P
X O
O
R
R
O
P
O
OO
R
R
n n
n
I II III
····
A
O
P
X O
O
R
R
A
··
CT CT
IV V
X = CH2 ,  n = 1
X =   O ,    n = 2
Chem.	  Asian	  J.,	  2010,	  5,	  1573-­‐1585	  
 
 208
transformed into 2-(N,N-dimethylamino)phenol by reaction with 
formaldehyde followed by catalytic reduction with hydrogen. 
The stilbene derivatives 4-9 were synthesized by using a Wittig reaction from 
2-(4-formyl-(2-dimethylaminophenyl)ethanol (16) and the corresponding 
phosphonium salts or by coupling with 1,4-dimethylpyridinium iodide for 
chromoreagent 5. Compound 16 was not commercially available and its 
synthesis was approached from 4-nitro-3-methylbenzoic acid (17) by two 
alternative pathways (see Scheme 3). In the first route the 4-nitro-3-
methylbenzoic acid was converted into the methyl ester (18) that was 
condensed with formaldehyde to yield compound 19. Reductive amination of 
19 transforms the nitro group into the corresponding dimethylamino moiety. 
The last step was the transformation of the methoxycarbonyl group into the 
formyl group. This last reaction can not be carried out in one single step and it 
was achieved by reduction of 20 with LiAlH4 and further controlled oxidation 
to the aldehyde 16.  
 
Scheme 2. Chromoreagents 1-10. 
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The second pathway followed for the synthesis of 16 started with the 
conversion of 17 into the corresponding methoxymethylamide 22. 
Transformation of 22 to 24 was achieved following the same reaction route 
than that for the conversion of 18 to 20. Finally 24 was reduced with DIBAL 
yielding 16. Even though the first procedure involves one more step, the 
overall yields were similar for both synthetic routes. Finally, compound 10 was 
prepared from 5-methoxy-2-nitrotoluene following the same procedure 
described for the synthesis of 11. 
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Scheme 3. (a) HCHO, PhO-, DMSO, 60-70oC, 1h; (b) H2, Pd-C, 37% HCHO; (c) 4-
nitroaniline, NaNO2, H+; (d) HCHO, H2, Pd-C; (e) BrCH2COOCH2CH3, Cs2CO3, ACN; (f) 4-
aminobenzonitrile, NaNO2, H+; (g) MeOH/H+, 5h; (h) LiAlH4, Et2O, 30 min.; (i) MnO2, Et2O, 
2.5h; (j) CBr4, Et3N, CH3NH2OCH3Cl, Ph3P, DCM, 2.5h; (k) DIBAL, THF, 45 min. 
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1-3 are azo dyes, 4-7 can be classified as donor-acceptor-stilbenes, whereas 8,9 
are described as donor-donor-stilbenes. The spectroscopic characteristics of all 
compounds are shown in Table 1. 1-9 display a relatively intense absorption 
band in the 300-400 nm range. Based on their electronic properties compounds 
1-9 are chromophores containing a donor dimethyl amino moiety and a group 
of variable acceptor character at the other end of the molecular framework. 1-3 
shows adsorption bands in the visible whereas the stilbene derivatives 4-9 
absorb in the 260-380 nm range. The influence of the different electronic 
properties of the stilbene family (derivatives 4-9) on the absorption band of the 
chromophores is evident from data in Table 1 and it agrees with the 
expectation that changes in the acceptor character of the appended groups 
(pyridinium > NO2 > CN ~ anthraquinone > OCH3) in the π-system will result 
in a hypsochromic shift of the absorption band (λabs 5 > 4 > 6 = 7 > 8/9). This 
effect is also observed for compounds 2 and 3; the stronger the acceptor 
character (NO2 > CN) the larger the wavelength of the absorption band.  
Table 1. UV absorptions of pure ligands 1-10 (1x10-5 mol dm-3) in water:acetonitrile 3:1 v/v 
(MES 1x10-1 mol dm-3) and in the presence of DCP. a 10 equivalents of DCP were used. b 200 
equivalents of DCP were used. c 700 equivalents of DCP were used. d Due to the photo-
conversion between 8 and 9 the studies were carried out in mixtures of both compounds 
8/9. e Very low shifts of the absorption band (lower than 3 nm) were observed in the 
presence of the DCP simulant. 
      Receptor        Receptor + DCP  
 absmaxλ [nm] log ϵ [M
-1cm-1] absmaxλ [nm] log  ϵ  [M
-1cm-1] 
1a 407  3.9 282 4.0 
2c 428 4.1 314 4.4 
3 b 412 4.1 314 4.3 
4 c 366 4.3 347 4.5 
5 c 378 4.2 325 4.5 
6 b 309 4.3 265 4.3 
7 c 310 4.1 305 4.2 
8/9 a,d 268  4.3 266 4.5 
10a 267 4.0 - 
e - 
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Reactivity with nerve agent simulants. In a first step the reactivity of the 
prepared chromoreagents was tested with diethylchlorophosphate (DCP), 
diisopropylfluorophosphate (DFP) and diethylcyanophosphate (DCNP) in 
acetonitrile (see Scheme 4). Due to the high toxicity of nerve agents Sarin, 
Soman and Tabun the related compounds DFP, DCP and DCNP have been 
typically used as models for the design of indicators and sensing systems as 
they have a similar reactivity but lack the efficacy of typical nerve agents. 
Preliminary the studies were carried out with compound 1 (1x10-5 mol dm-3) 
that displays an intense absorption band at 410 nm in acetonitrile typical of azo 
dyes derivatives. Addition of DCP, DFP or DCNP to acetonitrile solutions of 1 
resulted in a clear hypsochromic shift of the absorption band and a color 
modulation from yellow to colorless. The observed results are consistent with 
the intramolecular cyclization process shown in Scheme 1 and the reduction of 
the donor character of the N,N-dimethylamino moiety in the chromophore. In 
this preliminary step it was also confirmed that 1 was not able to react with 
other organophosphorous derivatives such as OP1-OP4 (see Scheme 4). It was 
also found a similar reactivity of 1 with DCP, DFP and DCNP in mixed 
water:acetonitrile solutions. 
 
Scheme 4. Chemical structure of different organophosphorous derivatives. 
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Motivated by these favorable features observed for derivative 1, similar studies 
of reactivity were carried out with derivatives 2-9 (1x10-5 mol dm-3) in 
water:acetonitrile (3:1 v/v) solutions buffered at pH 5.6 with MES (1x10-1 mol 
dm-3). Mixtures containing a larger percentage of water could not be used in 
this work due to a poor solubility for some of the reagents. Additionally 
derivative 10 was prepared and used as model compound. It is also noticeable 
that compounds 8 and 9 were separated in the synthetic process and perfectly 
identified by using 1H NMR, however, and due to their photo-instability, after 
a short time at room temperature both samples (in solid state or solution) 
became the same; i.e. a mixture of both isomers.[25] Therefore studies in the 
presence of the reagents for 8 and 9 were carried out in solutions containing a 
mixture of both compounds 8/9. 
As observed for compounds 1, the reagents 2-9 also show hypsochromic shifts 
of the absorption band upon addition of an excess of the nerve agent simulants 
DCP, DFP and DCNP in mixed water:acetonitrile 3:1 v/v solutions buffered at 
pH 5.6 with MES. For 1-5 a bleaching of the yellow or pale yellow solutions 
was observed to the naked eye. Figure 1 shows a photograph with the colour 
changes observed for 3 (1x10-5 mol dm-3) in water:acetonitrile 3:1 v/v (MES 
1x10-1 mol dm-3) upon addition of  an excess of nerve agent mimics DCP, DFP 
and DCNP. Additionally Figure 2 shows the UV-Vis spectrum of 
chromoreagent 3  (1x10-5 mol dm-3) in water:acetonitrile 3:1 v/v (MES 1x10-1 
mol dm-3) after the addition of DCP. 
 
Figure 1. Colour changes observed for 1 (left) and 3 (right) (1x10-5 mol dm-3) in 
water:acetonitrile 3:1 v/v (MES (1x10-1 mol dm-3) upon addition of nerve agent mimics 
DCP, CFP and DCNP. In each photograph from left to right; reactand, reactand + DCP, 
reactand + DFP and reactand + DCNP. 
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Figure 2. Absorption spectra of chromoreagent 3 (1x10-5 mol dm-3) in water:acetonitrile 3:1 
v/v (MES 1x10-1 mol dm-3) and 3 after the addition of  an excess of DCP. 
Data in Table 1 shows that the hypsochromic shift of the absorption band in the 
presence of nerve agent simulants for ligands 1-3 (Δλ of 125, 114 and 98 nm) 
was larger than that for other prepared reagents (Δλ of 19, 53, 44, 5 and < 5 nm 
for 4, 5, 6, 7 and 8/9 respectively). In general hypsochromic shifts upon addition 
of the nerve agent mimics are in agreement with the expectation that 
transformation of the donor amine in the corresponding quaternary 
ammonium in push-pull systems will produce a blue-shift of the absorption 
band due to a modulation of the dipole moments of the ground and excited 
stated and therefore a change in the relative energy of HOMO and LUMO. In 
general the trend observed in the hypsochromic shift when changing from 
amine to ammonium for the stilbene derivatives in the presence of simulants 
agrees with the acceptor-strength. This is for instance obvious when comparing 
the Δλ of 53 nm for 4 (having a strong electron-acceptor NO2 group) with the 
Δλ of < 5 nm for 8/9 that includes a donor OCH3 moiety. It was also observed 
that for a certain dye, the absorption spectra after reaction with the three 
simulants DCP, DFP and DCNP were very similar in agreement with the fact 
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that the same reaction takes place in all cases. It is noticeable the apparently 
anomalous shift observed for 7 and DCNP ( absmaxλ = 265 nm) that may be due to 
the formation of the cyanohydrin derivatives as consequence of the reaction of 
the evolved cyanide with the carbonyl groups in the ligand.  
Similar reactivity studies were also carried out with 2-9 and other “non-toxic” 
organophosphorous (see Scheme 4, OP1-OP4) but no changes in the UV-Vis 
spectra were observed indicating that the reactivity with the nerve agent 
mimics is selective.  
Additionally, in order to asses the mechanism involved in the observed 
chromogenic response, the corresponding ammonium salts (V in Scheme 1) for 
some compounds were prepared following a different synthetic route 
involving the reaction of the corresponding chromoreagent with p-
toluenesulfonyl chloride in the presence of sodium carbonate in acetonitrile. 
This gave the corresponding tosilated derivative that suffered a spontaneous 
cyclization that resulted in the formation of the corresponding cyclic 
compounds 25 and 26 when using 1 and 4, respectively (Scheme 5). This 
transformation was easily detected in the 1H-NMR spectra of the final products 
that show, for example in the case of 25 one triplet centered at 4.36 ppm 
indicative of a methylene subunit located near the quaternary ammonium 
(Figure 3). Also, a significant long-range 1H-13C coupling between this signal 
and those 13C signals corresponding to the methyls (54 ppm) and to the 
aromatic carbon (149 ppm) attached to the N,N-dimethylanilinium fragment 
points toward the unambiguous formation of the cyclized product. 
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Scheme 5. Chemical structure of cyclized derivatives 25 and 26. 
 
Figure 3. 1H NMR (aliphatic zone) of ligand 1 and its corresponding cyclic compound 25. 
Moreover, UV-Vis data confirmed that the products obtained by tosylation  
displayed the same spectroscopic characteristics that the products obtained 
from the reaction of the corresponding chromoreagent with the nerve agent 
simulants. 
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As seen above, the UV-Vis spectrum of compounds 1-9 are characterized by the 
presence of intense absorption bands centered in the 300-430 nm range. The 
emission behaviour of reagents 1-9 in acetonitrile and water:acetonitrile 3:1 v/v 
mixtures (1x10-5 mol·dm-3) was also studied (see Table 2 for data in acetonitrile). 
Chromogenic reagents 1-3 are poorly fluorescent and no remarkable emission 
modulations were found in the presence of nerve gases simulants and therefore 
the studies detailed below were only performed with the stilbene-derivatives 4-
9. The photophysics of donor-aceptor stilbenes (similar to 4-7) and donor-
donor stilbenes (similar to 8 and 9) have been widely studied in the literature. 
In general the spectroscopic behaviour of such dyes is often determined by an 
intramolecular charge transfer process upon optical excitation and the presence 
of different emitting states involving planar geometry, double bond twist and 
single bond twist states.[26] As expected for this class of dyes compounds, 4-9 
show characteristics broad and structureless emission bands with a large 
Stokes shift. Addition of OP1-OP4 to 4-9 resulted in negligible changes in the 
emission intensity profiles of the reagents. In contrast, the addition of the nerve 
agent simulants DCP, DFP and DCNP induced changes in the fluorescence 
behaviour (see Table 2 for data with DCP). The changes in fluorescence 
intensity upon reaction with DCP comprise fluorescence enhancement (for 4, 5 
and 7) and fluorescence quenching (for 6 and 8/9). The fluorescence quenching 
factors are relatively low for 6 and large for 8/9, whereas fluorescence 
enhancement factors range from small (for 4) to medium (for 5 and 7). In all 
cases the presence of the simulant DCP induced the disappearance of the 
fluorescence band of the reactand and the growth of a new emission band that 
is either red- or blue-shifted depending on the receptor used.  
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       Reagent        Reagent + DCP     Enhancement 
 absmaxλ [nm] 
em
maxλ [nm] 
em
maxλ [nm] Ireagent+DCP/Ireagent 
4 381  580 576 1.25 
5 404 627 415 5.40 
6 270 570 590 0.68 
7 317 453 509 3.33 
8/9 a 304 430 390 0.03 
Table 2. Fluorescence properties in acetonitrile of reagents 4-9 (1x10-5 mol dm-3) and after 
the reaction with 100 equiv of DCP. a Due to the photo-conversion between 8 and 9 the 
studies were carried out in mixtures of both compounds 8/9 
	  
Similar emission studies were carried out for receptors 4-9 (1x10-5 mol dm-3) in 
water:acetonitrile 3:1 v/v (MES 1x10-1 mol dm-3) solutions. In this medium 4, 5 
and 7 were not fluorescent whereas 6 and mixtures of 8/9 are still emissive. 
Addition of OP1-OP4 on 6 or 8/9 resulted in negligible changes in the 
fluorescence. Additionally, the fluorescence behavior of 6 showed no 
significant changes in the presence of nerve agent simulants. In contrast, 
addition of DCP, DFP and DCNP to 8/9 resulted in an enhancement of the 
emission. This result is displayed in Figure 4 that shows the emission spectra 
(λexc = 280 nm) of 8/9 and 8/9 in the presence of 4 equivalents of DCP  in 
water:acetonitrile 3:1 v/v; a remarkable 3.5-fold enhancement of the emission 
intensity was observed. 
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Figure 4. Emission spectra (λexc = 280 nm) of 8/9 and 8/9 (10-5 mol dm-3) in the presence of 4 
equivalents of DCP  in water:acetonitrile 3:1 v/v (MES 1x10-1 mol dm-3). 
The design via formation of azo and stilbene dyes shown in Scheme 2 in 
relation to the sensing response observed for compounds 1-9 is evident when 
one compares the performance of these derivatives with the model compound 
10 for which no remarkable changes in the UV-Vis (Δλ < 5 nm) nor in the 
emission spectra were observed upon addition of the nerve agent simulants. 
In order to ascertain that chromogenic and fluorogenic response observed was 
due to a nucleophilic addition-intramolecular cyclization mechanism and not 
to a protonation of the nitrogen atom of the N,N-dimethylaniline moiety, 
control experiments were carried out. Thus, addition of HCl at typical simulant 
concentrations to water:acetonitrile (3:1 v/v) solutions (MES, pH 5.6) of 
reagents 1-9 induced negligible changes in the UV-visible and in the 
fluorescence profiles of the products. This experiment disables the possibility 
that the response observed was solely due to a partial hydrolysis of DCP. 
Kinetic and detection limit studies. In order to achieve a better understanding of 
the reaction, the reactivity between 1-9 and DCP, DCNP or DFP in buffered 
acetonitrile-water 3:1 v/v solutions under pseudo first-order kinetic conditions, 
using an excess of the corresponding simulant, were studied. By monitoring 
the changes in the absorbance intensity and by plotting ln[(A0-A)/A] versus 
time (where A0 is the final absorbance and A is the absorbance at a given time) 
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allowed us the determination of the rate constants (k) and the half-life times 
(t1/2 = ln2/k) for the reaction of the nerve gases simulants with reagents 1-9. 
Figure 5 shows the absorbance changes at the UV-Vis band maximum for dyes 
1 and 4 with DCP and DFP, respectively. In all cases the reaction is relatively 
quick and complete UV-Vis changes are observed after some few seconds. It 
has been suggested, in fluorogenic systems using similar cyclization 
paradigms, that the reaction of the alcohol with the phosphate-derivatives to 
form the phosphate ester intermediate is slow relative to the intramolecular 
cyclization. However, for a given nerve agent mimic the rate constants are 
quite different depending on the reactand used suggesting that it might be 
possible that cyclization could also play some role in the overall rate constant 
of the reaction process.  
 
Figure 5. Absorption changes at 410 nm upon reaction of 1 with DCP (left) and at 360 nm 
and upon reaction of 4 with DFP (right). The inset in both cases shows the first-order kinetic 
plot. 
Table 3 also includes the detection limits observed for the detection of these 
chemicals determined from changes in the UV-Vis spectra (for 1-6) and from 
changes in the emission (for 8/9) in aqueous acetonitrile:water 3:1 v/v 
mixtures. The lower detection limits (DLs) have been observed for the 
chromogenic reactand 1 (DLs of 1x10-4 mol dm-3 for DCP and DCNP) and 
especially for the fluorogenic reactand 8/9 (DL of 1x10-5 mol dm-3 for DCP).  
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Table 3. Detection limits and kinetic data. 
Reagent 1 2 3 4 
Simulant DFP DCP DCNP DFP DCP DCNP DFP DCP DCNP DFP DCP DCNP 
Detection 
limit x 103 
(mol dm-3) 
1.0 0.1 0.1 10 4.5 8.1 7 1.8 4.1 10 7.0 6.0 
k (s-1) 0.20 0.13 0.061 0.38 0.22 5.11 0.86 0.52 1.35 0.57 0.28 173.2 
t1/2 (s) 3.5 5.3 11.4 1.8 3.1 0.1 0.8 1.3 0.5 1.2 2.5 0.004 
 
Reagent 5 6 7 8/9 
Simulant DFP DCP DCNP DFP DCP DCNP DFP DCP DCNP DFP DCP DCNP 
Detection 
limit x 103 
(mol dm-3) 
8.0 7.0 7.0 1.0 2.0 1.0 10 7.0 11 0.04 0.01 0.04 
k (s-1) 0.86 0.15 0.46 693.1 14.4 346.5 0.69 0.23 1.64 31.5 18.2 77 
t1/2 (s) 0.80 4.5 1.5 <0.001 0.048 0.002 1 3 0.42 0.022 0.038 0.005 	  
Sensing in mixed aqueous environments and in gas phase. Motivated by the 
favorable chromogenic and fluorogenic sensing features shown by the 
compounds studied above, we took a step forward towards the potential use of 
these ligands for in situ sensing and rapid screening applications. With this 
idea in mind we simply adsorbed compound 1, 2, 3, 4 or 5 on silica gel 
(resulting in modified yellow/orange solids containing the probes) and tested 
their chromogenic ability to nerve agent simulants both in solution and in gas 
phase. Thus, in a first test, the coloured silica support containing the probe was 
prepared by adsorption of a (1x10-5 mol dm-3) solution of the corresponding 
probe in water:acetonitrile 3:1 v/v buffered at pH  5.6 (MES 1x10-1 mol dm-3). 
These samples were put in contact with an acetonitrile solution containing DCP 
(CDCP = 1.0 x 10-3 mol dm-3) and a very rapid bleaching was observed in few 
seconds. An additionally assay was related with the possible detection of 
vapors of the simulants. For this purpose an ambient containing a low amount 
of DCP (5 ppm) vapor was prepared. At the same time the orange/yellow 
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colored silica was placed on a column and the air containing the stimulant was 
passed through. As the silica comes in contact with the air sample it becomes 
colorless (see Figure 6 for ligand 1). Similar bleaching responses were observed 
when used the simulants DFP and DCNP, whereas the modified silica 
remained yellow-orange in the presence of vapors of the OP1-OP4 derivatives. 
This simple test suggests that this or similar chromogenic systems based on the 
reactivity of the groups I in Scheme 1 might prove useful for the development 
of easy-to-use chromogenic alarm assays and studies related with real 
applications are being studied in our laboratory. 
 
Figure 6. Left: a glass tube containing silica gel containing adsorbed 1. Right: silica gel 
containing 1 after passing through the tube 1000 mL of air containing 5 ppm of DCP. 
Conclusions 
In summary, a family of new reagents for the chromo-fluorogenic detection of 
nerve agent simulants has been prepared. These chromoreagents display an 
intramolecular cyclization reaction coupled with a color change upon 
interaction with certain nerve agent simulants. The sensing paradigm relies in 
the use of 2-(2-(N,N-dimethylamino)phenyl)ethanol or 2-(2-(N,N-
dimethylamino)-phenoxy)ethanol reactive sites that are also part of the 
conjugated π-system in azo and stilbene dye scaffoldings. Additionally the 
synthesis is easy and the approach is highly modular bearing in mind that a 
number of acceptor groups could be anchored to the I donor moieties. In all 
cases the reaction of the reactants with the nerve agent mimics is quick and 
Chapter	  4	  
 
 223 
complete UV-Vis changes are observed after some few seconds. It is 
noteworthy that these reagents react only with DCP, DFP and DCNP that show 
close chemical structures to Sarin, Soman and Tabun, whereas they remain 
silent in the presence of other organophosphorous derivatives such as OP-1-4. 
Finally the facts that the probe retains its signaling abilities upon adsorption on 
silica and displays color modulations to nerve agents simulants as both vapors 
or in mixed aqueous solution are additional issues of interest.  
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Experimental section 
General procedures and materials. All other reagents were commercially available, 
and were used without purification. THF was distilled from Na/benzophenone 
under Ar prior to use. Silica gel 60 F254 (Merck) plates were used for TLC. 1H 
and 13C NMR spectra were recorded with the deuterated solvent as the lock 
and residual solvent as the internal reference. High-resolution mass spectra 
were recorded in the positive ion mode on a VG-AutoSpec. UV-vis spectra 
were recorded using a 1 cm path length quartz cuvette. All measurements were 
carried out at 293 K (thermostated). Fluorescence spectra were carried out in a 
Varian Cary Eclipse Fluorimeter.  
 
2-(2-N,N-dimethylaminophenyl)ethanol (11). 2-nitrotoluene (9.2 g, 67.2 
mmol), sodium phenoxide (0.06 g, 0.52 mmol) and para-formaldehyde (95 %) 
(0.9 g, 25 mmol) in DMSO (20mL) were heated under stirring at 60-70 °C for 1 
h. The cold reaction mixture was poured into water (20 mL) and extracted with 
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ethyl ether. The combined organic phases were washed (aq. NaCl) dried (Mg 
SO4), evaporated and the residue was distilled (Kugelrohr, 160 °C, 0.2 mmHg) 
to yield 2-(2-nitrophenyl)ethanol (4.3 g, 37 %). 2-(2-nitrophenyl)ethanol (3.30 g., 
19.7 mmol), formaldehyde (37%) (4.83 mL, 32.3 mmol), ethanol 99% (200 mL) 
and Pd/C (10 %) (480 mg) were placed under an H2 atmosphere until the 
uptake of hydrogen ceased. After filtration through Celite the solvent was 
evaporated and the residue was dissolved in chloroform and extracted with aq. 
HCl (1N) (2x50 mL). The aqueous phase was basified with sat. Na2CO3 and 
extracted with chloroform. After drying (MgSO4) the solvent was evaporated to 
give 2-(2-(N,N-dimethylamino)phenyl)ethanol (2.85 gr, 84%) as a light yellow 
oil. 1H NMR (CDCl3, 400 MHz) δ 7.3-7.0 (m, 4H), 5.3 (br. S, 1H), 3.85 (t, J = 11.6 
Hz, 2H), 3.01 (t, J = 11.6 Hz, 2H), 2.70 (s, 6H) ppm; 13C{1H} NMR (CDCl3, 100 
MHz): δ 152.1, 136.0, 131.1, 127.6, 124.9, 120.0, 64.2, 44.9, 36.0 ppm; IR (neat) 
3367, 3059, 3020, 2937, 2360, 2826, 2785, 1597, 1492, 1451, 1046, 945, 768 and 749 
cm-1. HRMS-EI m/z 165.1153 [M+; calcd for C10H15NO: 165.1154]. 
 
2-((E)-5-(2-(4-nitrophenyl)diazenyl)-2-dimethylaminophenyl)ethanol (1). 4-
nitroaniline (0.836 g, 6.05 mmol), conc. sulphuric acid (1.25 mL, 23 mmol) and 
water (8 mL) were stirred and slightly heated until the 4-nitroaniline was 
completely dissolved and then placed in an ice-bath (0-5 °C) for 10 min before a 
NaNO2 (0.418 g, 6.05 mmol) solution in water (4 mL) was added dropwise. 
After stirring for additional 10 min at 0-5 °C, a solution of 11 (1.0 g, 6.05 mmol), 
conc. HCl (1.3 mL, 15.1 mmol) and water (4 mL) was added dropwise during 
15 min. The resulting orange solution was stirred for 15 min in ice-bath and 15 
min at room temperature, then it was neutralized with Na2CO3 and extracted 
with CH2Cl2. The dried (MgSO4) organic phases were evaporated to give a dark 
oil that was dissolved in ethyl acetate. Upon addition of hexane, a red dark 
precipitate appeared, identified as 1 (1.2 g, 63 %). M.p. 98-100 ºC 1H NMR 
(CDCl3, 400 MHz) δ 8.36 (d, J = 9.0 Hz, 2H), 7.98 (d, J = 9.0 Hz, 2H), 7.85 (d, J = 
8.1 Hz, 1H), 7.81 (s, 1H), 7.26 (d, J = 8.1 Hz, 1H), 3.95 (t, J = 5.8 Hz, 2H), 3.10 (t, J 
= 5.8 Hz, 2H), 2.83 (s, 6H) ppm; 13C{1H} NMR (CDCl3, 100 MHz): δ 156.7, 155.9, 
148.8, 148.4, 135.4, 125.4, 124.7, 123.9, 123.2, 119.9, 63.8, 44.6, 35.8 ppm; IR (neat) 
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2948, 2873, 1591, 1517, 1345, 1099, 1039, 858 and 827 cm-1. HRMS-EI m/z 
314.1371 [M+; calcd for C16H18N4O3: 314.1379]. 
 
2-(N,N-dimethylamino)phenol (12). 2-nitrophenol (2.68 g, 19.3 mmol), 
formaldehyde (36%) (3.54 mL, 42.46 mmol), and Pd/C (10%) (480mg) were 
dissolved in abs. ethanol (43 mL) and placed under an H2 atmosphere until 
uptake of hydrogen ceased. After filtration through Celite the solvent was 
evaporated and the product was purificated by sublimation at 155ºC to give 2-
(N,N-dimethylamino)phenol (1.81 g, 69 %) as a white solid. 1H-NMR (CDCl3, 
300 MHz) δ 7.08 (dd, J = 7.8, 1.5, 1H), 6.96 (dt, J = 7.7, 1.5, 1H), 6.84 (dd, J = 8.07, 
1.49, 1H), 6.77 (dt, J = 7.55, 1.55, 1H), 6.56 (s, 1H), 2.62 (s, 6H); 13C{1H} NMR 
(CDCl3, 75 MHz): δ (75 MHz, CDCl3) 151.89, 141.01, 126.40, 121.08, 120.45, 
114.58, 45.50 ppm. 
 
2-(2-dimethylaminophenoxy)acetate (13). A mixture of 2-(N,N-dimethyl-
amino)phenol (12) (1.81 g, 13.2 mmol), ethyl bromoacetate (98%) (1.50 mL, 13.2 
mmol) and caesium carbonate (12.9 g, 39.6 mmol) in acetonitrile (100 mL) was 
refluxed overnight. The volatile materials were removed by concentration on a 
rotary evaporator, and the residue was partitioned between water (100mL) and 
EtOAc (100 mL). The organic layer was separated and the aqueous layer 
extracted with EtOAc (2 x 100 mL). The combined organic extracts were dried 
over anhydrous magnesium sulphate, filtered and concentrated to give the title 
compound (2.54 g, 86 %) as a brown oil. 1H-NMR (CDCl3, 300 MHz) δ 6.96 – 
6.76 (m, 3H), 6.74–6.64 (m, 1H), 4.62 (s, 1H), 4.17 (q, J = 7.1, 2H), 2.76 (s, 6H), 
1.21 (t, J = 7.1, 3H); 13C{1H} NMR (CDCl3, 75 MHz): δ (75 MHz, CDCl3) 169.55, 
150.76, 143.26, 122.60, 122.48, 118.87, 113.47, 65.89, 61.57, 43.58, 14.52 ppm.  
 
Ethyl 2-[(E)-5-(2-(4-nitrophenyl)diazenyl)-2-(dimethylanino)phenoxy]acetate 
(14). 4-Nitroaniline (0.182 g, 1.29 mmol), conc. sulfuric acid (0.5 mL, 9.2 mmol) 
and water (10 mL) were stirred and slightly heated until the 4-nitroaniline was 
completely dissolved, then the mixture was placed in an ice-bath (0–5 ºC) for 10 
min before a NaNO2 (0.089 g, 1.29 mmol) solution in water (5 mL) was added 
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dropwise. After stirring for an additional 10 min at 0–5 ºC, a solution of the 
ethyl 2-(2-dimethylaminophenoxy)acetate (13) (0.287 g, 1.29 mmol) in ethanol 
was added dropwise during 30 min. The resulting orange solution was stirred 
for 30 min in an ice-bath and 30 min at room temperature and neutralized with 
potassium acetate. The precipitate was filtered and the aqueous phase 
extracted with CH2Cl2. The precipitated and extracted product was purified by 
column chromatography with silica gel using hexane/ethyl acetate (9/1, v/v) 
as solvent. The final product (0.28 g, 58 %) was obtained as a dark red powder. 
1H-NMR (CDCl3, 300 MHz) δ 8.28 (d, J = 8.91, 2H), 7.88 (d, J = 8.91, 2H), 7.61 
(dd, J = 8.5, 2.1, 1H), 7.33 (d, J = 2.1, 1H), 6.93 (s, 1H), 4.70 (s, 2H), 4.23 (q, J = 6.7, 
2H), 2.99 (s, 3H), 1.26 (t, J = 6.7, 3H); 13C{1H} NMR (CDCl3, 75 MHz): δ (75 MHz, 
CDCl3) 168.77, 156.58, 150.04, 148.31, 148.04, 147.42, 147.30, 125.12, 124.12, 
123.34, 117.27, 103.87, 65.90, 61.89, 43.25, 14.60 ppm. 
 
2-[(E)-5-(2-(4-nitrophenyl)diazenyl)-2-dimethylaminophenoxy]ethanol (2). To 
a solution of ester 14 (0.05 g, 0.1344 mmol) in dry THF (20 mL) LiAlH4 (0.27 
mmol) was slowly added in portions at 0 ºC. The reaction mixture was stirred 
at 0 ºC for an additional 1 h. Then, the reaction was warmed to room 
temperature, stirred for 1 h more, and then water was carefully added (1 mL). 
The mixture was stirred for 2 h, the precipitate was filtered off and washed 
with THF (40 mL). The combined organic solutions were dried with MgSO4, 
filtered, and evaporated. The final product was purified by column 
chromatography with aluminium oxide using dichlorometane as solvent to 
give the title compound (0.042 g, 95 %) as a dark red powder. 1H-NMR (CDCl3, 
300 MHz) δ 8.41 (d, J = 9.13, 2H), 8.04 (d, J = 9.13, 2H), 7.69 (dd, J = 8.5, 2.2, 1H), 
7.58 (d, J = 2.1, 1H), 7.10 (d, J = 8.5, 1H), 4.21 (t, J = 5.12, 2H), 3.99 (2 H, t, J = 
5.12, 2H), 3.02 (s, 6H); 13C{1H} NMR (CDCl3, 75 MHz): δ (75 MHz, CDCl3) 
156.47, 151.66, 148.60, 147.20,140.00, 125.13, 123.50,122.99, 118.04, 106.20, 77.82, 
77.60, 77.40, 76.97, 72.11, 61.42, 43.87 ppm; HRMS-TOF m/z 331,1396 [(M+1)+; 
calcd for C16H19N4O4: 331,1406]. 
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Ethyl 2-[(E)-5-(2-(4-cyanophenyl)diazenyl)-2-(dimethylanino)phenoxy]acetate 
(15). 4-aminobenzonitrile (98%) (0.230 g, 1.91 mmol), conc. sulfuric acid (0.5 
mL, 9.2 mmol) and water (10 mL) were stirred and slightly heated until the 4-
aminobenzonitrile was completely dissolved. The mixture was placed in an ice-
bath (0–5 ºC) for 10 min and then a NaNO2 (0.132 g, 1.91 mmol) solution in 
water (5 mL) was added dropwise. After stirring for an additional 10 min at 0–
5 ºC, a solution of the ethyl 2-(2-dimethylaminophenoxy)acetate (13) 
synthesised above (0.425 g, 1.91 mmol) in ethanol (20mL) was added dropwise 
during 30 min. The resulting red solution was stirred for 30 min in an ice-bath 
and another 30 min at room temperature. Then the resulting solution was 
neutralized with potassium acetate. The mixture was extracted with CH2Cl2. 
The product was purified by column chromatography with silica gel using 
hexane/ethyl acetate (8/2, v/v) as eluent. The final pure product (0.19 g, 27 %) 
was isolated as an orange powder. 1H-NMR (CDCl3, 300 MHz) δ 7.81 (d, J = 
8.78, 2H), 7.68 (d, J = 8.78, 2H), 7.57 (dd, J = 8.5, 2.1, 1H), 7.30 (d, J = 2.1, 1H), 
6.88 (d, J = 8.5, 1H), 4.66 (s, J = 6.9, 2H), 4.21 (q, J = 7.1, 2H), 2.95 (6 H, s), 1.23 (t, 
J = 7.1, 3H); 13C{1H} NMR (CDCl3, 75 MHz): δ (75 MHz, CDCl3) 168.80, 155.30, 
150.04, 147.21, 146.88, 133.51, 123.74, 123.34, 119.15, 117.23, 113.09, 103.96, 65.91, 
61.83, 43.20, 14.59 ppm.  
 
2-[(E)-5-(2-(4-cyanophenyl)diazenyl)-2-dimethylaminophenoxy]etanol (3). To 
a solution of ester 15 (0.064g, 0.182 mmol) in dry THF (20 mL) LiAlH4 2M in 
THF (155 µL, 0.31 mmol) was slowly added at 0 ºC. The reaction was then 
stirred at 0 ºC during 1 h, warmed to room temperature, stirred for 1 h more, 
and then water (1 mL) was carefully added. Then, the mixture was stirred for 2 
h and the precipitate was filtered off and washed with THF (40 mL). The 
combined organic solutions were dried with MgSO4, filtered, and evaporated. 
The product was purified by column chromatography with aluminium oxide 
using dichlorometane as solvent to give the final compound (0.044 g, 79 %) as a 
orange powder. 1H-NMR (CDCl3, 300 MHz) δ 8.41 (d, J = 8.7, 2H), 8.04 (d, J = 
8.7, 2H), 7.69 (dd, J = 8.5, 2.2, 1H), 7.58 (d, J = 2.1, 1H), 7.10 (d, J = 8.5, 1H), 4.21 
(t, J = 4.42, 2H), 3.99 (t, J = 4.42, 2H), 3.02 (s, 6H); 13C{1H} NMR (CDCl3, 75 MHz): 
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δ (75 MHz, CDCl3) 155.25, 151.64, 147.95, 147.57, 133.54, 123.42, 123.08, 119.09, 
117.7, 113.35, 106.14, 71.99, 61.52, 43.54 ppm. HRMS-EI m/z 311.1511 [(M+1)+; 
calcd for C17H19N4O2: 311.1508]. 
 
Methyl 3-methyl-4-nitrobenzoate (18). Sulfuric acid (0.3 mL) was added to a 
solution of 3-methyl-4.nitrobenzoic acid (5 g, 27.6 mmol) in 12 mL of methanol. 
The mixture was refluxed for 5 h and then, the methanol was evaporated. The 
reaction mixture was poured into water (25 mL) and extracted with ethyl ether. 
The combined organic phases were washed with NaHCO3 and aq. NaCl. After 
drying (MgSO4) the solvent was evaporated to give methyl 3-methyl-4-
nitrobenzoate (18) (4.8 g, 87 %) as a pale yellow solid. 1H NMR (CDCl3, 400 
MHz) δ 8.03−7.97 (m, 3Η), 3.97 (s, 3Η), 2.63 (s, 3Η); 13C{1H} NMR (CDCl3, 100 
MHz): δ 165.3, 151.9, 134.0, 133.7, 133.5, 128.0, 124.6, 52.7, 20.0.  
 
Methyl 3-(2-hydroxyethyl)-4-nitrobenzoate (19). Methyl 3-methyl-4-
nitrobenzoate (18) (4.0 g, 30.3 mmol), sodium phenoxide (0.026 g, 0.22 mmol) 
and para-formaldehyde (95 %) (0.42 g, 12 mmol) in DMSO (10 mL) were heated 
under stirring at 60-70 °C for 1 h. The cold reaction mixture was poured into 
water (20 mL) and extracted with ethyl ether. The combined organic phases 
were washed (aq. NaCl) dried (MgSO4), evaporated and the residue was 
purified by flash chromatography (EtOAc: Hexane, 1:2) to yield methyl 3-(2-
hydroxyethyl)-4-nitrobenzoate (19) (0.9 g, 24%) and recovered starting material 
(3.02 g, 75%). 1H NMR (CDCl3, 400 MHz) δ 8.10 (s, 1Η), 8.01 (d, J= 8.5 Hz, 1H), 
7.90 (d, J= 8.5 Hz, 1H), 3.85 (s, 3H), 3.84 (t, J= 6.4 Hz, 2H), 3.17 (t, J= 6.4 Hz, 2H); 
13C{1H} NMR (CDCl3, 100 MHz): δ 165.3, 152.5,134.0, 133.9, 133.6,128.6, 124.7, 
62.3, 52.8, 35.7. 
 
Methyl 4-dimethylamino-3-(2-hydroxyethyl)benzoate (20). Methyl 3-(2-
hydroxyethyl)-4-nitrobenzoate (19) (1.0 g, 4.4 mmol), formaldehyde (37%) (1.1 
mL, 7.4 mmol), ethanol 99 % (54 mL) and Pd/C (10 %) (110 mg) were placed 
under an H2 atmosphere until the uptake of hydrogen ceased. After filtration 
through Celite the solvent was evaporated and the residue was dissolved in 
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chloroform and extracted with aq. HCl (1N) (2x50 mL). The aqueous phase was 
basified with sat. Na2CO3 and extracted with chloroform. After washing (aq. 
NaCl) and drying (MgSO4), the solvent was evaporated to give methyl 4-
dimethylamino-3-(2-hydroxyethyl)benzoate (20) (0.95 g, 89%) as a light yellow 
oil. 1H NMR (CDCl3, 400 MHz) δ 7.79 (d, J= 8.4 Hz, 1H), 7.77 (s, 1H), 7.01 (d, J= 
8.4 Hz, 1H), 4.10 (br. s, 1H), 3.80 (s, 3H), 3.79 (t, J= 5.9 Hz, 2H), 2.94 (t, J= 5.9 Hz, 
2H), 2.66 (s, 6H). 
 
2-(2-Dimethylamino-5-(hydroxymethyl)phenyl)ethanol (21). 4-Dimethyl-
amino-3-(2-hydroxyethyl)benzoate (20) (0.41 g, 1.84 mmol) in 2 mL ethyl ether 
was added dropwise to a solution of lithium aluminium hydride (0.07 g, 1.8 
mmol) in 5 mL ethyl ether. The mixture was stirred for 30 minutes and then 
aqueous ethyl ether and water was added.  The solution was extracted with 
ethyl acetate. The combined organic phases were washed (aq. NaCl) dried (Mg 
SO4), evaporated and the residue was purified by flash chromatography 
(EtOAc: Hexane, 1:2) to yield 2-(2-dimethylamino-5-(hydroxymethyl)phenyl)-
ethanol (21) (0.34 g, 81%). 1H NMR (CDCl3, 400 MHz) 
δ 7.11 − 7.05 (m, 3Η), 4.49 (s, 2Η), 3.71 (t, J= 5.5 Hz, 2H), 2.88 (t, J= 5.5 Hz, 2H), 
2.58 (s,6H); 13C{1H} NMR (CDCl3, 100 MHz): δ 151.4, 137.9, 136.2, 130.2, 129.9, 
126.3, 120.1, 64.5, 64.2, 45.0, 36.1. 
 
N-Methoxy-N,3-dimethyl-4-nitrobenzamide (22). 3-Methyl-4-nitrobenzoic acid 
(17) (9.05 g, 50 mmol), tetrabromomethane (16.6 g, 50 mmol), triethylamine (7.0 
mL, 50 mmol), and N,O-dimethylhydroxylamine hydrochloride (5.63 g, 55 
mmol), were stirred in dry dichloromethane (75 mL) under argon atmosphere. 
Then, 50 mL of a 1M solution of triphenylphosphine in dichloromethane were 
added within 5 minutes and reaction was keep going on for 2.5 h. Hexane was 
added, and a precipitate was filtered. The organic solvents were washed once 
with Na2CO3 10 % and NaHCO3 10 %. Aqueous layers were extracted and the 
combined organic layers were dried (MgSO4), evaporated and purified by flash 
chromatography (EtOAc:Hexane 15:85) to yield N-Methoxy-N,3-dimethyl-4-
nitrobenzamide (22) (6.93 g, 62 %). 1H NMR (CDCl3, 300 MHz) δ 7.89 (d, J = 7.2 
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Hz, 2H), 7.54 (s, 1H), 7.52 (d, J =  7.2 Hz, 1H), 3,47 (s, 3H), 3,30 (s, 3H), 2,53 (s, 
3H); 13C{1H} NMR (75 MHz, CDCl3) δ 168.2, 150.3, 138.8, 133.8, 132.9, 126.9, 
124.7, 61.7, 33.6, 20.7; HRMS-EI m/z 224,0805 [M+; calcd for C10H12N2O4: 
224,0797]. 
 
3-(2-Hydroxyethyl)-N-methoxy-N-methyl-4-nitrobenzamide (23). N-Methoxy-
N,3-dimethyl-4-nitrobenzamide (22) (2.44 g, 10.9 mmol), sodium phenoxide 
(0.010 g, 0.09 mmol) and para-formaldehyde (95 %) (0.13 g, 4 mmol) in DMSO 
(30mL) were heated under stirring at 60-70°C for 1 h. The cold reaction mixture 
was poured into water (30 mL) and extracted with ethyl acetate. The combined 
organic phases were washed (aq. NaCl) dried (MgSO4), evaporated and the 
residue was purified by flash chromatography (EtOAc: Hexane, 70:30 to 80:20) 
to yield 3-(2-hydroxyethyl)-N-methoxy-N-methyl-4-nitrobenzamide (23) (1.05 
g, 41%), as a yellow oil. 1H NMR (CDCl3, 300 MHz) δ 7.85 (d, J= 7.2, 2H), 7.65 (s, 
1H), 7.59 (d, J= 7.20 Hz, 1H), 3.88 (t, J= 6.8 Hz, 2H), 3.49 (s, 3H), 3.29 (s, 3H), 
3.10 (t, J= 7.2 Hz, 2H), 1.81 (bs, 1H); 13C{1H} NMR (CDCl3, 75 MHz) δ 168.2, 
151.0, 138.6, 134.2, 133.0, 127.6, 124.8, 62.8, 61.8, 36.3, 33.7; HRMS-EI m/z 
254.0903 [M+; calcd for C11H14N2O5: 254.0910]. 
 
4-Dimethylamino-3-(2-hydroxyethyl)-N-methoxy-N-methylbenzamide (24).  
3-(2-hydroxyethyl)-N-methoxy-N-methyl-4-nitrobenzamide (23) (2.19 g, 8.61 
mmol), formaldehyde (37%) (2.2 mL, 15.1 mmol), ethanol 99 % (220 mL) and 
Pd/C (10 %) (200 mg) were placed under an H2 atmosphere (pressure of 3.5 
bar) until the uptake of hydrogen ceased. After filtration through Celite the 
solvent was evaporated and the residue was solved again in ethyl acetate, 
dried (MgSO4) and evaporated. Flash chromatography purification (EtOAc: 
Hexane 90:10) yielded 4-dimethylamino-3-(2-hydroxyethyl)-N-methoxy-N-
methylbenzamide (24) (1.75 g, 80 %). 1H NMR (CDCl3, 400 MHz) δ 7.51 (dd, J= 
8.3 and 2.1 Hz, 1H), 7.46 (d, J= 2.0 Hz, 1H), 7.09 (d, J= 8.3 Hz, 1H), 3.79 (t, J= 5.8 
Hz, 2H), 3.51 (d, J= 3.0 Hz, 3H), 3.28 (s, 3H), 2.95 (t, J= 5.7 Hz, 2H), 2.67 (s, 6H); 
13C{1H} NMR (CDCl3, 101 MHz) δ 169.5, 154.6, 135.3, 131.4, 130.0, 127.9, 119.3, 
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64.3, 61.0, 44.7, 36.0, 33.9; HRMS-EI m/z 252.1474 [M+; calcd for C13H20N2O3: 
252.1476]. 
 
4-Dimethylamino-3-(2-hydroxyethyl)benzaldehyde (16). 2-(2-Dimethylamino-
5-(hydroxymethyl)phenyl)ethanol (21) (0.25 g, 1.28 mmol), manganese dioxide, 
previously activated (1.28 g, 14.7 mmol) in ethyl ether (10 mL) was stirred at 
room temperature for 2.5 h. The mixture was filtered and washed with 
chloroform and ethanol.  The organic layers were combined and evaporated to 
yield 4-dimethylamino-3-(2-hydroxyethyl)benzaldehyde (16) (0.22 g, 75 %) as 
yellow oil. In an alternative procedure, 4-dimethylamino-3-(2-hydroxyethyl)-N-
methoxy-N-methylbenzamide (24) (253.2 mg, 1 mmol) in dry THF (11 mL) was 
stirred under argon atmosphere at -78 ºC. Then a 1M DIBAL solution (3 mL) 
was added dropwise and the mixture was allowed to react during 45 minutes. 
Reaction is quenched with acetone (1 mL) and after 15 minutes, solution was 
poured over water (2.5 mL). Mixture was extracted with EtOAc and combined 
organic layers dried (MgSO4) and evaporated. Flash chromatography 
purification (EtOAc:Hexane 90:10) yielded 4-dimethylamino-3-(2-
hydroxyethyl)benzaldehyde (16) (0.130 g, 67 %), as yellow oil. 1H NMR (CDCl3, 
300 MHz) δ 9.81 (s, 1H), 7.62 (m, 3H), 7.11 (d, J= 9.2 Hz, 1H), 3.81 (t, J= 6.6 Hz, 
2H), 3.42 (bs, 1H), 2.96 (t, J= 7.0 Hz, 2H), 2,72 (s, 6H); 13C{1H} NMR (CDCl3, 75 
MHz) δ 193.2, 160.5, 136.5, 134.0, 133.8, 131.9, 121.4, 65.5, 46.3, 37.5; HRMS-EI 
m/z 194.1178 [(M+1) +; calcd for C11H16NO2: 194.1181]. 
 
(E)-2-(2-dimethylamino-5-(4-nitrostyryl)phenyl)ethanol (4).  (4-nitro-benzyl)-
triphenylphosphonium bromide (149.5 mg, 0.31 mmol) in dry THF (1 mL) was 
stirred at 0 ºC under argon atmosphere and then a solution of 1.6 M BuLi (0.20 
mL, 0.3 mmol) was added dropwise. After 15 minutes, 1M solution in dry THF 
of 4-dimethylamino-3-(2-hydroxyethyl)benzaldehyde (16) (0.25 mL, 0.25 mmol)  
was added at room temperature. 24 hours later, the reaction mixture was 
poured over a saturated solution of NaHSO3. The aqueous layer was extracted 
with EtOAc and the organic layers were dried (MgSO4) and  evaporated. The 
reddish oil was purified by flash chromatography (EtOAc:Hexane, 30:70) to 
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yield (E)-2-(2-dimethylamino-5-(4-nitrostyryl)phenyl)ethanol (4) (53 mg, 68 %) 
as a red solid. 1H NMR (CDCl3, 300 MHz) δ 8.13 (dt, J= 8.8 and 1.9 Hz, 2H), 7.53 
(dt, J= 8.8 and 1.9 Hz, 2H), 7.34 (dd, J= 8.3 and 2.1 Hz, 1H), 7.28 (d, J= 2.1 Hz, 
1H), 7.14 (d, J= 16.3 Hz, H-8, 2H), 7.12 (d, J = 8.0, H-11, 1H), 6.98 (d, J = 16.3, H-
7, 1H), 3.82 (t, J = 6.0, 2H), 2.96 (t, J= 5.6 Hz, 2H), 2.67 (s, 6H); 13C{1H} NMR 
(CDCl3, 75 MHz) δ 145.6, 143.0, 135.3,131.7, 131.6, 128.7, 125.7, 125.5, 124.5, 
123.1, 119.3, 63.3, 43.8, 35.2; HRMS-EI m/z 312.1474 [M+; calcd for C11H15NO2: 
312.1470]. 
 
(E)-4-(4-dimethylamino-3-(2-hydroxyethyl)styryl)-1-methylpyridinium iodi-
de (5). 4-dimethylamino-3-(2-hydroxyethyl)benzaldehyde (16) (30 mg, 0.16 
mmol) and 1,4-dimethylpyridinium iodide (43 mg, 0.19 mmol) in methanol (20 
mL) were stirred to completely solution and then fresh distilled triethylamine 
(0.25 µL, 0.19 mmol) was added. The mixture was refluxed for 24 hours and 
then the reaction was allowed to cool. Toluene (2 mL) was added and the 
methanol evaporated. Residue was diluted again with dichloromethane and 
dried (MgSO4.). After evaporating solvents, Al2O3 flash chromatography 
(MeOH:EtOAc 20:80 to 40:60) yielded (E)-4-(4-dimethylamino-3-(2-
hydroxyethyl)styryl)-1-methylpyridinium iodide (5) (mg, 58 %) as orangish 
solid. 1H NMR (MeOH-d4, 400 MHz) δ 8.73 (d, J= 6.6 Hz, 1H), 8.66 (d, J= 6.8 Hz, 
2H), 8.11 (d, J= 6.9 Hz, 2H), 7.91 (d, J= 6.4 Hz, 1H), 7.88 (d, J= 16.3 Hz, 1H), 7.64 
(d, J = 2.1 Hz, 1H), 7.58 (dd, J= 8.4 and 2.2 Hz, 1H), 7.31 (d, J= 16.2 Hz, 1H), 7.19 
(d, J= 8.4 Hz, 1H), 4.29 (s, 3H), 3.85 (t, J= 7.1 Hz, 2H), 3.00 (t, J= 7.0 Hz, 2H), 2.76 
(s, 6H); 13C{1H} NMR (MeOH-d4, 100 MHz) δ 157.1, 145.8, 143.1, 135.1, 131.9, 
131.2, 129.6, 128.9, 124.6, 121.8, 120.8, 63.3, 47.6, 45.0, 35.7, 21.9; HRMS-EI m/z 
283.1810 [M+; calcd for C11H15NO2: 283.1815]. 
 
(E)-4-(4-dimethylamino-3-(2-hydroxyethyl)styryl)benzonitrile (6). 1-(bromo-
methyl)-4-cyanobenzene (1.96 g, 10 mmol) was dissolved in dry toluene (25 
mL), then triphenylphosphine (2.62 g, 10 mmol) was added. The mixture was 
refluxed for 15 hours and then the mixture was cool. A white precipitate was 
filtered, washed with toluene and crystallized with ethanol to yield (4-
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cyanobenzyl)triphenyl-phosphonium bromide[27] (3.92 g, 85 %). (4-
Cyanobenzyl)-triphenylphosphonium bromide (329 mg, 0.72 mmol) in dry 
THF (21 mL) was stirred at 0ºC under argon atmosphere and then a solution of 
1.6 M BuLi (0.47 mL, 0.75 mmol) was added dropwise. After 30 minutes, 4-
dimethylamino-3-(2-hydroxyethyl)benzal-dehyde (16) (111 mg, 0.57 mmol) in 
dry THF (0.6 mL) was added at -78ºC and then reaction was allowed to slowly 
reach room temperature. 18 hours later, the reaction mixture was poured over a 
10% solution of NaHCO3. The aqueous layer was extracted with EtOAc and the 
organic layers were dried (MgSO4) and evaporated. The fluorescent oil was 
purified by flash chromatography (EtOAc:Hexane, 40:60) to yield 4-(4-
dimethylamino-3-(2-hydroxyethyl)styryl)benzonitrile (119 mg, 71%) as a 
yellow solid, as a diastereoisomeric mixture E:Z (1: 0.7).  
 
(E)-4-(4-dimethylamino-3-(2-hydroxyethyl)styryl)benzonitrile (6) 1H NMR 
(CDCl3, 300 MHz) δ 7.46 (d, J= 8.6 Hz, 2H), 7.29 (d, J= 8.3 Hz, 2H), 6.98 (bs, 2H), 
6.93 (bs, 1H), 6.59 (d, J= 12.2 Hz, 1H), 6.45 (d, J= 12.2 Hz, 1H), 3.70 (t, J= 5.4 Hz, 
2H), 2.82 (t, J= 5.7 Hz, 2H), 2.64 (s, 6H); 13C{1H} NMR (CDCl3, 100 MHz) δ 141.2, 
134.8, 131.5, 131.4, 131.4, 131.0, 130.9, 128.5, 127.1, 125.8, 125.4, 119.3, 118.9, 
117.9, 109.5, 63.2, 44.1, 34.9; HRMS-EI m/z 292.1576 [M+; calcd for C19H20N2O: 
292.1570]. 
 
(E)-2-(4-dimethylamino-3-(2-hydroxyethyl)styryl)anthracene-9,10-dione (7) 2-
(bromomethyl)anthracene-9,10-dione (301 mg, 1 mmol) was dissolved in dry 
toluene (2.5 mL), then triphenylphosphine (262 mg, 1 mmol) was added. The 
mixture was refluxed for 24 hours and then the mixture was cool. A white 
precipitate was filtered, washed with toluene and crystallized with ethanol to 
yield ((9,10-dioxo-9,10-dihydroanthracen-2-yl)methyl)triphenylphosphonium 
bromide[28] (459 mg, 82 %). ((9,10-dioxo-9,10-dihydroanthracen-2-
yl)methyl)triphenylphosphonium bromide (177 mg, 0,31 mmol) in dry THF (10 
mL) was stirred at  -78ºC under argon atmosphere and then a solution of 1.6 M 
BuLi (0.20 mL, 0.33 mmol) was added dropwise. After 30 minutes, 1M solution 
in dry THF of 4-dimethylamino-3-(2-hydroxyethyl)benzaldehyde (16) (0.25 mL, 
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0.25 mmol) was added at -78ºC and then reaction was allowed to slowly reach 
room temperature. 24 hours later, the reaction mixture was poured over a 
saturated solution of NaHSO3. The aqueous layer was extracted with EtOAc 
and the organic layers were dried  (MgSO4) and  evaporated. The fluorescent 
oil was purified by flash chromatography (EtOAc:Hexane, 30:70) to yield (E)-2-
(4-dimethylamino-3-(2-hydroxyethyl)styryl)anthracene-9,10-dione (7) (40 mg, 
40%) as an oil. 1H NMR (CDCl3, 400 MHz) δ 8.40 (d, J= 1.6 Hz, 1H), 8.34 – 8.30 
(m, 2H), 8.28 (d, J= 8.1 Hz, 1H), 7.86 (dd, J= 8.1 and 1.8 Hz, 1H), 7.82 – 7.78 (m, 
2H), 7.44 (dd, J= 8.3 and 2.1 Hz, 1H), 7.38 (d, J= 2.0 Hz, 1H), 7.33 (d, J= 16.3 Hz, 
1H), 7.21 (d, J= 8.2 Hz, 1H), 7.14 (d, J= 16.3 Hz, 1H), 3.93 – 3.87 (m, 2H), 3.04 (t, 
J= 5.6 Hz, 2H), 2.74 (s, 6H); 13C{1H} NMR (CDCl3, 100 MHz) δ 183.3, 182.6, 168.9, 
166.7, 152.8, 151.5, 151.5, 143.4, 136.4, 134.2, 133.9, 133.9, 133.7, 133.6, 132.9, 
132.4, 132.0, 131.4, 129.8, 128.0, 127.2, 127.2, 126.5, 125.9, 124.6, 120.4, 64.4,  44.9, 
36,4; HRMS-EI m/z 397.1680 [M+; calcd for C26H23NO3: 397.1674]. 
 
2-(2-dimethylamino-5-(4-methoxystyryl)phenyl)ethanol (8,9). Phosphorous 
tribromide (0.31 mL, 3.3 mmol) was added dropwise to a solution of (4-
methoxyphenyl)methanol (1.39 g, 10 mmol) in dry dichloromethane (15 mL) at 
0 ºC, under argon atmosphere. 2 hours later, the reaction mixture was poured 
over a 1M NaHCO3 solution (15 mL) and extracted (dichloromethane). The 
organic layers were dried (MgSO4) and evaporated. The oily residue weighted 
(1.81 g, 90 %). The bromide (1.70 g, 8.5 mmol) was re-dissolved in dry toluene 
(22 mL) and then triphenylphosphine (2.21 mg, 8.5 mmol) was added. The 
mixture was refluxed for 15 hours and then the mixture was cooled. A white 
precipitate was filtered, washed with toluene and crystallized with 
ethanol/hexane to yield (4-methoxybenzyl)triphenylphosphonium bromide[29] 
(3.56 g, 91 %). (4-methoxybenzyl)triphenylphosphonium bromide (88 mg, 0,19 
mmol) in dry THF (4.5 mL) was stirred at -78ºC under argon atmosphere and 
then a solution of 1.6 M BuLi (0.11 mL, 0.17 mmol) was added dropwise. After 
30 minutes, 1M solution of 4-dimethylamino-3-(2-hydroxyethyl)benzaldehyde 
(16) (0.15 mL, 0.15 mmol) in dry THF was added at room temperature. 16 hours 
later, the reaction mixture was poured over a saturated solution of NaHSO3. 
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The aqueous layer was extracted with EtOAc and the organic layers were dried 
(MgSO4) and evaporated. The oil was purified by flash chromatography 
(EtOAc:Hexane, 30:70) to yield a mixture of isomers (E)-2-(2-dimethylamino-5-
(4-methoxystyryl)phenyl)ethanol (8) (29 mg, 63 %) and (Z)-2-(2-
dimethylamino-5-(4-methoxystyryl)phenyl)ethanol (9) (9 mg, 20 %). 
E Isomer (8) 1H NMR (CDCl3, 400 MHz) δ 7.36 (d, J = 8.7, 2H), 7.28 (dd, J = 8.3, 
2.1, 1H), 7.21 (d, J = 2.0, 1H), 7.10 (d, J = 8.3, 1H), 6.92 (d, J = 16.3, 1H), 6.86 (d, 
1H), 6.82 (d, J = 8.8, 2H), 3.81 (t, J = 5.4, 2H), 3.75 (s, 3H), 2.96 (t, 2H), 2.67 (s, 
6H). 13C{1H} NMR (CDCl3, 101 MHz) δ 158.2, 129.1, 129.1, 128.0, 126.8, 126.6, 
124.8, 124.5, 119.2, 113.1, 112.6, 95.3, 63.4, 5439, 44.1, 35.4. HRMS-EI m/z 
297.1728 [M+; calcd for C19H23NO2:297.1729]. 
Z Isomer (9) 1H NMR (CDCl3, 400 MHz) δ 7.21 (d, J= 8.6 Hz, 2H), 7.13 (dd, J= 8.2 
and 2.0 Hz, 1H), 7.06 (d, J= 2.0 Hz, 1H), 7.04 (d, J= 8.3 Hz, 1H), 6.77 (d, J= 8.8 
Hz, 2H), 6.49 (d, J= 12.2 Hz, 1H), 6.41 (d, J= 12.2 Hz, 1H), 3.79 (s, 3H), 3.77 (t, J= 
5.5 Hz, 2H), 2.91 – 2.84 (m, 2H), 2.70 (s, 6H); 13C{1H} NMR (CDCl3, 100 MHz) δ 
158.7, 150.7, 135.8, 134.3, 131.7, 130.2, 130.1, 129.7, 129.4, 128.1, 119.7, 114.1, 
113.6, 64.5, 55.2, 45.0, 36.1; HRMS-EI m/z 297.1727 [M+; calcd for 
C19H23NO2:297.1729]. 
 
2-(2-Dimethylamino-5-methoxyphenyl)ethanol (10). 4-Methoxy-2-methyl-1-
nitrobenzene (2.99 g, 17.9 mmol), sodium phenoxide (0.030 g, 0.26 mmol) and 
para-formaldehyde (95%) (0.24 g, 8 mmol) in DMSO (10mL) were heated under 
stirring at 60-70°C for 1 h. The cold reaction mixture was poured into water (10 
mL) and extracted with hexane. The combined organic phases were washed 
(aq. NaCl) dried (MgSO4), evaporated to yield an orange oil, identified as 2-(5-
methoxy-2-nitrophenyl)ethanol (0.77 g, 39%), which was used without further 
purification. 1H NMR (CDCl3, 300 MHz): δ 7.90 (d, J= 9.3 Hz, 1H), 6.75(s, 1H), 
6.67 (d,  J= 9.3 Hz, 1H), 3.79 (t, J= 6.6 Hz, 2H), 3.76 (s, 3H), 3.04 (t, J= 6.6 Hz, 
2H); 13C{1H}NMR (CDCl3, 75 MHz): δ= 163.4, 142.6, 137.6, 128.1, 118.4, 112.9, 
62.7, 56.2, 37.4. 2-(5-methoxy-2-nitrophenyl)ethanol (1.05 g., 5.33 mmol.), 
formaldehyde (37 %) (1.5 mL, 18.5 mmol), abs. ethanol (70 mL) and Pd/C 
(10%) (100 mg) were placed under an H2 atmosphere until the uptake of 
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hydrogen ceased. After filtration through Celite the solvent was evaporated 
and the residue was dissolved in chloroform and extracted with aq. HCl (1N) 
(2x50 mL). The aqueous phase was basified with sat. Na2CO3 and extracted 
with chloroform. After washing (aq. NaCl) and drying (MgSO4), the solvent 
was evaporated and was purified by flash chromatography (EtOAc:Hexane, 
50:50) to give 2-(2-dimethylamino-5-methoxyphenyl)ethanol (10) (0.84 g, 43 %) 
as a light yellow oil. 1H NMR (CDCl3, 300 MHz): δ 7.14 (d, J= 8.7 Hz, 1H), 6.73 
(m, 2H), 3.85 (t, J= 5.5 Hz, 2H), 3.78 (s, 3H), 2.95 (t, J= 5.5 Hz, 2H), 2.64 (s, 6H); 
13C{1H}NMR (CDCl3, 75 MHz): δ 156.8, 145.2, 138.0, 121.1, 116.8, 112.7, 64.2, 
55.3, 45.3, 36.5. 
 
Cyclic ammonium salt from 1 (25). To a stirred mixture of 1 (63 mg, 0.2 mmol) 
and K2CO3 (56 mg, 0.4 mmol) in acetonitrile (1 mL), tosyl chloride (36 mg, 0.2 
mmol) in acetonitrile (0.5 mL) was slowly added. After stirring at room 
temperature for 6 h, toluene (5 mL) was added. The formed precipitate was 
filtered to give 25 (as its tosylate salt) (46 mg, 0.1 mmol) as a white solid. M.p. 
>350ºC. 1H NMR (CD3OD, 400 MHz) δ 8.46 (d, J= 8.8 Hz, 2H), 8.15 (m, 4H), 8.02 
(d, J= 8.7 Hz, 1H), 7.72 (d, J= 7.8 Hz, 2H), 7.25 (d, J= 7.8 Hz, 2H), 4.36 (t, J= 7.2 
Hz, 2H), 3.65 (s, 6H), 3.59 (t, J= 7.2 Hz, 2H) ppm; 13C{1H} NMR (CDCl3, 100 
MHz): δ 155.2, 153.8, 149.0, 142.1, 140.4, 128.4, 125.6, 124.9, 124.6, 123.6, 120.3, 
118.2, 68.5, 54.0, 26.6, 19.9 ppm; IR (neat) 3082, 2961, 1628, 1398, 1381, 1127, 
1007, 831, 701, and 664 cm-1. HRMS-EI m/z 297.1355 [M+; calcd for C16H17N4O2: 
297.1352].  
 
Cyclic ammonium salt from 4 (26). To a stirred mixture of 4 (31 mg, 0.1 mmol) 
and triethylamine (14 µL, 0.1 mmol) in acetonitrile (1 mL), tosyl chloride (19 
mg, 0.1 mmol) in acetonitrile (0.5 mL) was slowly added. After stirring at room 
temperature for 6 h, toluene (5 mL) was added. The formed precipitate was 
filtered to give 26 (as its tosylate salt). 1H NMR (CD3OD, 300 MHz) δ 7.96 (d, J= 
8.7 Hz, 2H), 7.51 (m, 4H), 7.43 (d, J= 8.7 Hz, 1H), 7.16 (d, J= 8.1 Hz, 2H), 6.96 (d, 
J= 8.1 Hz, 2H), 3.99 (t, J= 7.2 Hz, 2H), 3.30 (s, 6H), 3.22 (t, J= 7.2 Hz, 2H), 2.09 (s, 
3H) ppm. HRMS-EI m/z 295.1439 [M+; calcd for C18H19N2O2: 295.1441]. 
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Detection limit determinations. General Procedure. To the corresponding receptor 
at a concentration of 1x10-5 mol dm-3 in water:acetonitrile 3:1 v/v (3 dm3) 
buffered with MES (1x10-1 mol dm-3) increasing amounts of the corresponding 
simulant solutions were added. UV spectra were recorded in 1 cm pathlength 
quartz cells at 20 ºC (thermostated). Representation of absorbance at the 
appropriate wavelength versus concentration of the simulant allows 
calculation of the detection limit.  
 
Detection in solid phase experiments. 25 ml of the reagents 1, 2, 3, 4 or 5 (1x10-5 mol 
dm-3) in water:acetonitrile 3:1 v/v (MES 1x10-1 mol dm-3) were adsorbed on 
silica-gel. The corresponding solid material was put in contact with a freshly 
prepared solution of DCP at a concentration of 1.0 x 10-3 mol dm-3 in 
acetonitrile. A clear decolouration was observed. Similar bleaching responses 
were observed when used the simulants DFP and DCNP, whereas the modified 
silica remained yellow-orange in the presence of vapors of the OP1-OP4 
derivatives. Additionally, as a control experiment, the same materials were 
treated with a solution of pure acetonitrile without simulant. No colour 
changes were found. 
 
Detection of DCP vapours. Following a similar procedure as above 25 ml of the 
reagents 1, 2, 3, 4 or 5 (1x10-5 mol dm-3) in water:acetonitrile 3:1 v/v (MES 1x10-1 
mol dm-3) were adsorbed on silica-gel. Air containing a DCP (5 ppm) was 
prepared. The orange/yellow colored silica containing the corresponding 
reagent was placed on a column and the air containing the stimulant was 
passed through. As the silica comes in contact with the air sample it becomes 
colorless. Similar bleaching responses were observed when used the simulants 
DFP and DCNP (5 ppm), whereas the modified silica remained yellow-orange 
in the presence of vapors of the OP1-OP4 derivatives.  
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Abstract 
A new chromo-fluorogenic probe based on the borondipyrromethene dye has been 
synthesized. The dye has been attached to a sensing unit for the 
diethylcyanophosphonate and di-isopropylfluorophosphate detection. The new probe 
has been fully characterized, and its optical properties in front of these simulants have 
been evaluated. No interference from other organo-phosphorous or other common 
contaminants compounds has been observed in the detection conditions. A portable 
kit has been developed and tested to demonstrate its practical application in real-time 
monitoring not only in solution but also in gas phase.  
Introduction 
The international concern on the power of destruction of the denominated 
chemical warfare has been raised in the last decades. Threats of chemical 
warfare attacks are increasingly more common at every war conflict, being 
used even as war propaganda. The very well known nerve agents Sarin, Soman 
and Tabun are popular among armies and terrorist groups [1]. Their extreme 
toxicity, together with their low cost and ease of production makes these 
compounds a big concern for governments and civilians. 
Due to the chemical nature of the nerve agents, i.e. organophosphorous 
derivatives with a good leaving group, they irreversibly bind to a free serine 
residue of acetylcholinesterase, inhibiting its enzymatic task [2]. After 
intoxication, acetylcholine is over-accumulated in the synaptic junctions of the 
nerves. The disorder has immediate effects: muscle relaxation hindering, 
hyperventilation and death in the cases of high exposure. Even if some 
antidotes have proven to reduce the effects of the over-accumulation of 
acetylcholine (atropine) or to reactivate the enzymatic task of 
acetylcholinesterase [3], they urge to be applied within few minutes after 
intoxication. Therefore the need of sensing these agents soon after any leakage 
is more than justified.  
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Scheme 1. Chemical structures of the nerve agents Sarin, Soman, and Tabun, their 
simulants diisopropylfluorophosphate (DFP) and diethylcyanophosphonate (DCNP), and 
other potential interferents. 
The detection and monitoring of these compounds has been accomplished by 
means of different technologies: ion mobility spectroscopy [4], mass 
spectrometry [5] and proton transfer mass spectrometry [6] biosensors [7], 
electrochemical methods [8], microcantilevers [9], photonic crystals [10], 
optical-fiber arrays [11], and nanomaterials such as nanotubes or nanowires 
[12]; but most of them have several drawbacks such as complexity, low 
portability, high costs or the need of qualified personal to operate the devices. 
The use of chemodosimeters for in-field detection has recently gained 
importance due to economical and practical factors considering that the 
required instrumentation as well as their synthesis has proved to be cost-
effective and portable, providing even semiquantitative analysis by the 
“naked-eye”.  
Among the existing probes for nerve agents, the transduction mechanism 
usually involves intramolecular charge transfer (ICT) [13], photoinduced 
electron transfer (PET) [14a], or Förster resonance electron transfer (FRET) 
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processes [15], as well as plasmon band of gold nanoparticles [16], 
discoloration of coordination complexes [17] or a mixture of them suited for 
colorimetric arrays [18]. 
Within our nerve agents detection research, we have developed diverse sensing 
units that became part of chromophores such as stilbenes or triarylmethane 
dyes [13]. Other authors opted for the fluorogenic sensing, employing pyrene 
or biphenyl dyes [14]. 
The reputation of borondipyrromethene (BODIPY) dyes in sensing and 
fluorescent labelling applications, energy transfer cassettes or laser dyes among 
others has grown considerably [19]. It is not surprising if one considers its 
outstanding optical properties, such as high and environment-independent 
quantum yields, strong extinction coefficients and photostability, together with 
the ease of synthesis and functionalization.	  	  
With the aim of developing a sensible, selective and high stable chemical 
warfare chemodosimeter, we have decided to synthesize the BODIPY based 
probe 1, (see Scheme 2) bearing a 2-(2-(dimethylamino)phenyl)ethanol sensing 
unit, which has already proved to give good results regarding sensitivity and 
selectivity towards nerve agent simulants[13a].  
 
Scheme 2. Probe 1 and schematic representation of its reactivity towards some 
organophosphorous compounds.  
In the presence of nerve gases, the 2-(2-(dimethylamino)phenyl)ethanol unit, 
reacts with the organophosphorous compound through the hydroxyl group 
forming a phosphoester, which in a second step is displaced by the 
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nucleophilic attack of the nitrogen atom in a intramolecular cyclisation 
reaction, forming a quaternary ammonium salt.  
The sensing unit was decided to be electronically connected to the BODIPY 
core in order to have a two optic channel chemodosimeter. We expected that 
the energy of the extended π-system could be modulated through an ICT 
process upon analyte detection, which would turn into a modulation in the 
absorption and emission properties of the dye. 
Results and discussion 
Synthesis	  of	  the	  probe	  	  
Probe 1 was synthesized by means of a Sonogashira cross-coupling between a 
bromo derivative of the meso-phenyl BODIPY dye and the sensing unit, 
functionalized with an ethynyl moiety. 
 
Scheme 3. Synthesis of the sensing unit 4. 
The synthesis of the sensing unit 4 began with the catalytic hydrogenation of 2-
(2-nitrophenyl)ethanol in the presence of formaldehyde and Pd/C. This step 
was followed by aromatic bromination of the resulting 2-(2-
dimethylaminophenyl)ethanol with NBS catalyzed with ammonium acetate to 
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form 2. A Sonogashira cross-coupling reaction between 2 and 
trimethylsilylacetylene yielded the compound 3, which was deprotected prior 
to use in a mixture of K2CO3 in methanol to finally yield the sensing unit 4.  
 
Scheme 4. Synthesis of the bromo-BODIPY precursor 6 and Sonogashira cross-coupling 
reaction to obtain probe 1. 
Bromination of dye 5 was performed using one equivalent of NBS in a 
DMF/DCM solvent mixture, yielding 60% of dye 6. Dye 5 was previously 
synthesized from the condensation of 2,4-dimethylpyrrole and benzaldehyde, 
followed by oxidation with DDQ and reaction with BF3·Et2O as reported in the 
literature[20]. Finally, compound 4 was coupled with the 2-bromo BODIPY 
derivative 6 in a Sonogashira cross-coupling reaction, using Pd(PPh3)4 as 
catalyst in toluene/Et3N mixtures. 
Spectroscopic	  properties	  
The absorption spectrum of probe 1 was recorded in acetonitrile (5×10-6 M, see 
Figure 1). The probe showed two weak absorptions at ca. 415 and 310 nm, 
together with an intense broad absorption band (ε = 36800 cm–1·M–1) in the 
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visible region, centred at 530 nm, corresponding to the S0→S1 (π→π*) electronic 
transition.  
Table 1. Spectroscopic properties of probe 1 and 1+H+ (5×10-6 M in MeCN). λexc= 480, nm. 
?f was measured Rhodamine 6G as standard [23]. a Not measured due to low emission. 
b Proton source is TFA. 
Compound ?abs (nm) ?em (nm) Φf ?1 (ps) ?2 (ps)  
1 530 555 0.0006 a a  
1 + H+ b 524 555 0.639 230 4198  
 
This 33 nm red shift compared to that of parent BODIPY 5 (λabs = 497 nm, λem = 
505 nm) follows the trend observed with other 2,6-arylethynyl substituted 
BODIPYs [21]. The shift can be ascribed mainly to the extension of the π-
system, together with the formation of an internal charge transfer (ICT) system 
between the dimethylaniline-ethynyl donor moiety and the BODIPY acceptor 
core, lowering the HOMO-LUMO energy gap. It is worth to remark that this 
class of donor-ethynyl substituted BODIPYs is scarce in the literature [21, 22], 
and most of the time consists in symmetrically 2,6-disubstituted BODIPYs 
forming a donor-acceptor-donor system. 
If the donor group is deactivated (i.e. protonation of the dimethylanilinethynyl 
moiety with TFA) a 6 nm hypsochromic shift of the main absorption band is 
observed together with a narrowing of the band. Moreover, a slight shoulder 
can be then observed at ca. 495 nm, presumably corresponding to the vibronic 
(0→1) transition of the S0→S1 electronic transition. 
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Figure 1. Absorption and normalized emission spectra of probe 1 in acetonitrile (5×10-6 M) 
in the absence (dotted line) and in the presence of 5 mM of TFA (λexc=470 nm). 
The emission spectrum of 1 has a band peaking at 555 nm with very low 
fluorescence quantum yield (Φf=0.006, using Rhodamine 6G (Φf=0.95 in 
ethanol) [23] as a standard). After protonation with TFA, this band increases 
1000-fold reaching a fluorescence quantum yield of Φf = 0.639. No shifts were 
observed for the emission band upon addition of TFA. The large stokes shift of 
1 and 1+H+ if compared to 5 (25 and 31 versus 8 nm) indicates the charge 
redistribution after excitation.  
The low fluorescence intensity observed for 1 can be attributed to a quenching 
process related to the excited ICT state. This state is essentially non emissive. 
After protonation with TFA, the disabling of the ICT process results in an 
increase of the fluorescence intensity in the locally excited state (LE). The 
fluorescence decay of 1+H+ is biexponential with short-lived and long-lived 
components of τ1 = 0.23 ns and τ2 = 4.198 ns. 
In order to take advantage of these optical features, and use them as a signal 
transducer, the sensing unit was designed in such a way that in the presence of 
diverse organophosphate compounds its donor character irreversibly vanishes 
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by the formation a quaternary ammonium salt (see Scheme 2) with all the 
optical changes that this implies.  
Detection	  experiments	  in	  solution	  
Firstly, we explored the behaviour of probe 1 in the presence of the 
organophosphorous compounds DCNP and DFP in acetonitrile. To 5×10-6 M 
solutions of 1 in MeCN, different amounts of the simulants, ranging from 5 µM 
to 12 mM, were added.  
Immediately, the expected changes were observed in the two optical channels: 
a gradual hypsochromic shift of the main absorption band, together with a 
strong increase of the emission band intensity occurred until a maximum 
concentration of 3 mM and 12 mM for DCNP and DFP respectively (see Figure 
2 for DFP). The colorimetric changes could be easily observed by the naked 
eye, together with the increase in the fluorescence, which was easily followed 
by exposing the samples under a hand-held UV lamp. 
In order to achieve from lab to field chemodosimeter, this has to be capable of 
detecting the analyte in more realistic samples. For instance, one of the targets 
of this chemodosimeter could be the detection of organophosphonates in 
contaminated water (e.g. city water supply in conflict zones), hence the need of 
the sensor to work in aqueous environment. 
After testing several aqueous mixtures, we found our optimal conditions by 
using a 3/1 v/v water/acetonitrile mixture. Additionally, 100 mM 2-(N-
morpholino)ethanesulfonic acid (MES) was employed to buffer the solution at 
pH 5.5, which guarantees the absence of false positives due to proton traces 
(e.g. mineral acids such as HF from the decomposition of DFP). Additionally, 
the buffer ensures a constant ionic strength aiding to the reproducibility of the 
analysis. It is worth to remark the good solubility of 1 in this medium, without 
the need of tailoring the BODIPY core. 
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Figure 2. UV-vis spectra (top) and emission spectra (bottom, λexc=470 nm) of compound 1 
(5×10-6 M in MeCN) titrated with DFP (from 5 µM to 3 mM ). Insets: Observable color 
changes upon addition of the simulant 
After addition of 5 mM of DCNP, a 10-fold increase in the emission intensity 
was observed, together with a hypsochromic shift. The pH of the solution 
remained the same, ensuring that all the achieved response was due to the 
selective detection of DCNP. 
On the other hand, the addition of up to 10 mM of DFP to probe 1 made no 
changes in the optical properties of the aqueous mixture, probably due to the 
higher lipophilic character of this simulant that causes miscibility problems. 
This observation precluded the use of DFP in aqueous systems. 
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Figure 3. UV-vis spectra of compound 1 (5×10-6 M in H2O/MeCN 3/1 v/v and 100 mM 
MES pH 5.5) in the absence (dashed line) and presence (continuous line) of 10 mM DCNP 
 
Figure 4. Titration profiles of the emission intensity at 555 nm of 1 with DCNP and DFP in 
acetonitrile and with DCNP in a water-MeCN mixture. 
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Kinetic	  studies	  	  
The kinetics of the reaction between the nerve agent simulant DCNP and probe 
1 in buffered water-acetonitrile mixtures was evaluated. Different excess 
amounts of DCNP were added to four different samples containing probe 1 
(5×10-6 M in H2O/MeCN 3/1 v/v and 100 mM MES pH 5.5) in such a way that 
the final concentration of DCNP was 1.8, 3.6, 5.4 and 7.2 mM. The samples were 
placed in a multi-cell holder and the emission intensity at 555 nm was 
constantly monitored vs. time. As the simulant is in 300 to 1500-fold excess, the 
experiment fulfilled the conditions of the Ostwald isolation method, ensuring 
pseudo first-order kinetic conditions. 
Plotting ln[(If-I)] versus time (in which, If is the final emission intensity and I is 
the emission intensity at a given time), allowed us the determination of the 
observed rate constants (kobs). From the kobs values and the corresponding 
DCNP concentrations we were able to evaluate the global constant rate (k). 
 
Figure 5. Kinetic profile of the emission intensity at 555 nm of probe 1 after the addition of 
7.2 mM DCNP. Probe 1 is 5×10-6 M water/acetonitrile 3/1 v/v mixture (pH = 5.5). The inset 
figure shows the correlation between kobs and [DCNP]2. 
Chapter	  4	  
 
 255 
Figure 5 shows the emission intensity changes of probe 1 at 555 nm for an 
initial DCNP concentration of 7.2 mM. The reaction is relatively fast, and 
maximum emission changes are observed after a few minutes. The global rate 
constant for 1 in the presence of DCNP was k= 242 M-2·s-1. The calculated half-
life time of 1 in the presence of i.e. 7.2 mM of DCNP (kobs= 12.6×10-3 s-1) was ca 1 
minute. 
Additionally, kinetic experiments in pure acetonitrile were attempted too. 
Unfortunately, the velocity of the reaction in this solvent was too quick to be 
monitored by conventional methods. 
Limits	  of	  detection	  and	  potential	  interferents	  
Detection limits for the reaction of the nerve agent simulants DCNP and DFP 
with 1 in acetonitrile or buffered water-acetonitrile mixture were evaluated. For 
this determination, increasing amounts of the simulants were added to 3 mL 
solutions of 1 until the emission values fulfilled the condition: 
Is = I blank + 3×σblank 
where Is is the sample emission intensity at λem = 560 nm after 2 min of addition 
of the simulant, I blank is the emission intensity mean of the blank and σblank is the 
standard deviation of the blank. 
The achieved LODs were 2.7 and 1.8 ppm (v/v) for DCNP and DFP 
(respectively) in acetonitrile and 14 ppm (v/v) for DCNP in the buffered 
aqueous mixture [24]. 
Once more, we wanted to ensure that chemically related species and other 
conventional compounds present in the fields of application of this probe did 
not interfere rendering false positives or disabling the probe. Thus, we tested 
the reactivity of 1 towards other organophosphorous compounds (OP) (DECP, 
DPEP, DCTP, DMTP and DOPP, see Scheme 1) and pesticides (1,1-dichloro-2,2-
bis(p-chlorophenyl)ethane (4,4’-DDD) and 1,1-dichloro-2,2-bis(p-chlorophenyl)-
ethylene (4,4’-DDE)) besides gasoline and diesel. 
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Figure 6. Relative (to DCNP) emission intensity of 1 (measured at 560 nm) with 300 ppm 
(v/v) of DCNP, pesticides, OP compounds, gasoline and diesel. 
The test was performed contaminating buffered aqueous solutions of 1 
(water/acetonitrile 3:1 v/v pH=5.5 MES 0.1M ) with ca. 300 ppm of the possible 
interferents. None of them was able to yield a significant response on the 
sensor similar to that of the DCNP. The highest response was observed for 
DCTP which increased the fluorescence of 1 up to 7 % of the maximum, 
probably due to the similar chemical nature to that of DCNP (see Figure 6). 
Additionally, after each test was performed, the analyte DCNP (300 ppm) was 
added to the contaminated aqueous mixture of 1, reproducing an optical 
response similar to that of pure DCNP. These results prove not only that 1 is 
selective to the nerve agent simulants, but also that it is capable to detect them 
even inside a more complex matrix. 
Solid-­‐liquid	  detection	  experiments	  
The sensing properties of 1 immobilized on a solid support were also 
evaluated, since immobilization of chemodosimeters is a key step to jump from 
the lab to the field in sensing applications. We decided to immobilize 1 in a 
hydrophilic polyurethane based matrix (Hydromed D4) due to its similarity to 
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water environments. This matrix was later applied as a coating over 
polyethylene strips. After drying for 12 h, the solid material presented no 
observable fluorescence under a hand-held UV365nm lamp. When the strips were 
dipped into distilled water contaminated with DCNP (from 10 to 1000 ppmv), a 
strong enhancement of the fluorescence was observed by the naked eye (see 
figure 7).  
 
Figure 7. Polyethylene strips coated with hydromed previously doped with compound 1. 
The strips were dipped in distilled water contaminated with 0, 10, 100 and 1000 ppmv of 
DCNP. Top values indicate the relative (to the rightmost strip) luminance of the measured 
squared areas. Measurement was carried out by meaning the CIE luminance of all the 
pixels inside the squared area with custom-made image processing software.  
After the test was performed, washing the strips with distilled water did not 
quench the fluorescence, indicating that the observed changes in fluorescence 
were due to the irreversible cyclization of 1. 
As an extra experiment, tap water samples were contaminated with DCNP, 
and after dipping the solid material containing 1 in the sample, the same strong 
luminescence was observed. In addition, no luminescence was produced for 
non-contaminated tap-water, indicating that alkaline ions and other substances 
present in this liquid do not interfere with the measurement.  
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Detection	  in	  the	  gas	  phase	  
The high volatility of the nerve agent gases makes absolutely necessary for a 
chemodosimeter to be able to effectively perform a fast but still trustworthy 
detection of these compounds in the gas phase. Thus, as a simple experiment, 
we prepared a small assay kit by adsorbing probe 1 over commercial silica 
plate strips containing no fluorophore. The adsorption was performed by 
dipping the strip during 5 s in a 1.5 × 10-3 M acetonitrile solution of the probe. 
The sensing experiment was carried out by suspending the strip in the middle 
of a 5L glass round bottom flask, which was sealed with a septum. (The 
experimental atmosphere was common air, at a relative humidity of 60-65 %. 
The inner atmosphere was contaminated with DCNP by adding different 
amounts via syringe to the bottom of the flask. Within 5 minutes, a lightening 
of the sample could be observed by the naked eye, whereas the fluorescent 
changes were evident under UV365nm light irradiation (see inset of Figure 8). 
The solid state fluorescence spectra of these strips were measured prior and 
after exposure to the nerve gas simulant using a 20º configuration to minimize 
the amount of scattered light. Prior to the exposure, the probe showed a weak 
fluorescence, possibly due to slight interaction with the acidic silica. After 
exposure to 2 ppm of DCNP, this band increased 16-fold, yielding a slightly 
broadened spectrum which was 10 nm red shifted when compared with the 
corresponding spectrum in solution (see Figure 8).  
Limits	  of	  detection	  in	  gas	  phase	  and	  interferents	  
With this experimental device we were able to visually detect within 1 minute 
down to 0.2 ppm of DCNP (1 µL of DCNP spread in a 5L flask).  
The strips were also tested versus different gases that could be present in 
civilian or military setting. Thus, sensing strips containing probe 1 were 
exposed ozone, gasoline and diesel vapours, as well as ammonia, and exhaust 
pipe fumes. In all cases, negligible changes were found for the emission 
intensity of the strips. 
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Figure 8. Solid state fluorescence spectrum (λexc=480 nm) of compound 1 over silica plates 
in the absence (dotted line) and in the presence (continuous line) of 2 ppm atmosphere of 
DCNP (2 µL of DCNP spread in a 1L flask). Additionally, dashed line shows normalized 
spectra in of 1+DCNP in acetonitrile. The inset picture shows the prepared silica strips of 
(from left to right) 1, 1 + 2 ppm DCNP and both samples under UV365nm light. 
Conclusions 
We have synthesized and demonstrated the use of compound 1 as fluoro-
chromogenic probe for the selective detection of the nerve agent simulants 
DCNP and DFP. The probe 1 is based on a 2-(2-(dimethylamino)phenyl)ethanol 
sensing unit using a BODIPY core as chromophore and fluorophore. We have 
studied its spectroscopic properties and we have found that 1 has very low 
fluorescence quantum yield, presumably due to a quenching by an ICT 
process. The probe has been designed in such a way that in the presence of the 
simulants, the ICT becomes cancelled. Thus, after reaction with DCNP or DFP 
an increase of the fluorescence intensity, along with a hypsochromic shift of the 
main absorption band is observed. Compound 1 is able to detect DCNP in 
aqueous mixtures and has proved to be selective towards nerve agent 
simulants in the presence of other organophosphorous compounds, pesticides, 
and other interferents. The probe can detect DCNP and DFP in solution in the 
1-20 ppm range. 
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Furthermore, we have demonstrated the solid-gas detection capabilities of 1 by 
adsorbing the probe on solid silica matrices, and exposure to DCNP vapours 
reaching LODs of 0.2 ppm. 
We believe that the good sensitivity and selectivity achieved by this 
chemodosimeter together with the photostability ascribed to the BODIPY dyes 
can be a great contribution for the production of trustworthy and robust 
portable sensing devices. 
Experimental Section 
General	  methods	  
Nerve agent simulants DCNP and DFP are very toxic compounds, thus, special 
precautions need to be taken when performing any experiment with them. 
Manipulations involving DCNP or DFP were performed in a glove box with 
constant air flow. The stream coming from the glove box exhaust was bubbled 
in a saturated NaOH water solution placed inside the fume hood. UV-vis and 
fluorescence measurements were performed with tight capped cuvettes 
previously prepared in the glove box. In the cases were the experimental setup 
was too large to be fitted in the glove box, the experiment was performed in the 
fume-hood under special precautions. 
All the synthetic manipulations were performed in a dry argon atmosphere 
using standard techniques. Compound 5 was prepared according to the 
procedures described in the literature.20 Tetrahydrofuran was distilled over Na 
prior to use. The other materials were purchased and used as received. Silica 
gel 60 F254 (Merck) plates were used for TLC. 1H and 13C NMR spectra were 
recorded using a Bruker DRX-500 spectrometer (500 MHz for 1H and 126 MHz 
for 13C) and a Bruker Avance 400 MHz (400 MHz for 1H and 100 MHz for 13C) 
with the deuterated solvent as the lock and residual solvent as the internal 
reference. HRMS were recorded using a Shimadzu QP5050A. Absorption 
spectra were recorded with a Shimadzu UV-2101PC spectrophotometer. 
Fluorescence spectra were carried out in a Varian Cary Eclipse fluorimeter. 
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Preparation	  of	  the	  hydrogel	  coated	  polyethylene	  films	  
Polyurethane based hydrogel (Hydromed D4®) (4.0 g) was mixed by 1 h 
rotation with EtOH (55 mL) and water (4.8 mL). To 2.5 mL of the viscous 
solution, an acetonitrile solution of 1 (1.5 mM, 500 µL) was added, and the 
resulting mixture was again rotated for an additional hour. 
Transparent polyethylene strips (45 x 6 x 0.5 mm) were then dipped once in the 
solutions. The excess of hydrogel solution was removed and the strips were 
allowed to dry at room temperature for 2 h. 
Preparation	  of	  the	  silica	  doped	  strips.	  
Commercial silica gel over aluminium foil without fluorescent indicator (Sigma 
Aldrich) were cutted in 45 x 6 mm strips and then dipped for 10 s in a 1.5 mM 
solution of 1. The strip was allowed to dry at room temperature for 30 min. 
Additionally, part of the silica was removed from the aluminium plate in such 
a way that the active area shaped a 20 x 6 mm rectangular surface. 
Experimental	  procedures	  
Synthesis of 1. Bodipy 6 (80 mg, 0.2 mmol) was dissolved in a toluene/Et3N 
2/1 v/v mixture (20 mL), under an argon atmosphere. The mixture was 
sparged with argon for 10 minutes. Then, CuI (1.9 mg, 5 mol%) and 
tetrakis(triphenyl-phosphine)palladium(0) (11.5 mg, 5 mol%) were added, and 
the acetylene derivative 4  was added dissolved in the minimum amount of 
previously degassed toluene. The reaction was sparged with argon for 10 more 
min. Then, the mixture was heated to 70 ºC and allowed to react for 24 h. After 
this time, solvents were evaporated and the mixture was then dissolved in 
DCM. The organic solvent was washed twice with water, and the aqueous 
layer was extracted with DCM. The combined organic layers were washed with 
aq NaCl (sat.) and dried with MgSO4. After solvent evaporation, the remaining 
mixture was purified by silica column chromatography using EtOAc:hexane 
2:8 as eluent to yield a dark red solid (18 mg, 18%). 1H NMR (500 MHz, CD2Cl2) 
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δ 7.57 (dd, J = 5.1, 2.0 Hz, 3H), 7.38 – 7.34 (m, 3H), 7.31 (d, J = 2.0 Hz, 1H), 7.16 
(d, J = 8.2 Hz, 1H), 6.12 (s, 1H), 3.83 (t, J = 5.8 Hz, 2H), 2.98 (t, J = 5.9 Hz, 2H), 
2.73 (s, 6H), 2.69 (s, 3H), 2.59 (s, 3H), 1.55 (s, 3H), 1.45 (s, 3H). 13C NMR (126 
MHz, CD2Cl2) δ 157.58, 156.13, 152.60, 144.94, 142.49, 142.28, 135.78, 134.57, 
133.64, 132.44, 130.37, 130.21, 129.26, 129.13, 127.93, 122.00, 119.86, 119.29, 
115.14, 95.69, 81.15, 63.81, 44.58, 35.61, 14.48, 14.27, 13.26, 12.90. HR-MS: calcd 
for C31H33N3OF2B [M+H]+: 512.2679, found: 512.2685. 
 
Synthesis of compound 6. Bodipy 5 (1 g, 3.08 mmol) was dissolved in a 
DMF/DCM 2/1 v/v mixture (150 mL). Then, N-bromosuccinimide (660 mg, 
3.69 mmol) dissolved in DCM (50 mL) was added slowly. After one hour, the 
reaction mixture was washed three times with water, followed by a washing 
step with brine. The organic phase was dried with MgSO4, and after 
evaporation of the solvent, the red solid was purified with silica gel column 
chromatography using hexane:DCM (1:9  4:6) as eluent. Yield: 60 % (726 mg). 
Rƒ = 0.52 (EtOAc: hexane 1:9). 1H NMR (500 MHz, CDCl3) δ 7.55 – 7.51 (m, 3H), 
7.31 – 7.27 (m, 2H), 6.06 (s, 1H), 2.62 (s, 3H), 2.60 (s, 3H), 1.41 (s, 3H), 1.39 (s, 
3H). 13C NMR (126 MHz, CDCl3) δ 157.93, 151.46, 145.10, 141.84, 138.77, 134.67, 
132.04, 129.82, 129.28, 129.25, 127.87, 122.16, 110.62, 14.77, 14.55, 13.47, 13.40. 
HR-MS: calcd for C19H17BBrF2N2 [M+H]+: 403.0787, found: 403.0791. 
 
Synthesis of compound 2. 2-(2-Nitrophenyl)ethanol (10 g, 61 mmol), 
formaldehyde (37 %, 11.24 mL, 75.2 mmol), ethanol (200 mL), and Pd/C (500 
mg, 10 %) were placed under an H2 atmosphere at 60 PSI until the uptake of 
hydrogen ceased. After filtration through celite, the solvent was evaporated, 
and the residue was dissolved in EtOAc, and washed twice with water, and aq 
NaCl (sat.). The organic phase was dried using MgSO4, and the solvent was 
evaporated to give 2-(2-(N,N-dimethylamino)phenyl)ethanol as crude oil. The 
oil (10.12 g, 61 mmol) and ammonium acetate (470 mg, 6.1 mmol) were 
dissolved in acetonitrile (300 mL) in a round bottom flask. Then, the mixture 
was cooled down to 0 ºC, and a solution of N-bromosuccinimide (10.85 g, 61 
mmol) in acetonitrile (10 mL) was added dropwise. After 1 h, the solvent was 
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evaporated and the mixture dissolved in EtOAc. The organic solvent was 
washed twice with 10% Na2CO3 and sat. aq NaCl. The organic phase was dried 
with MgSO4 and evaporated. The remaining oil was purified by silica column 
chromatography using EtOAc: hexane 4:6 as eluent to yield brownish oil (10.61 
g, 71% overall yield). Rƒ = 0.77 (EtOAc: hexane 6:4). 1H NMR (500 MHz, CDCl3) 
? 7.24 (dd, J = 8.5, 2.4 Hz, 1H), 7.21 (d, J = 2.3 Hz, 1H), 6.97 (d, J = 8.5 Hz, 1H), 
3.75 (t, J = 5.7 Hz, 2H), 2.87 (t, J = 5.7 Hz, 2H), 2.59 (s, 6H). 13C NMR (125 MHz, 
CDCl3) ? 151.36, 138.22, 133.64, 130.35, 121.77, 117.61, 77.00, 63.86, 44.81, 35.61. 
HR-MS: calcd for C10H14BrNO [M+ H]+: 244.0337, found: 244.0341. 
 
Synthesis of compound 3. Compound 2 (4.15 g, 17.0 mmol) was dissolved in a 
toluene/Et3N 2:1 v/v mixture (75 mL) in a three-neck round bottom flask. The 
inner atmosphere was evacuated and replaced with argon. This operation was 
repeated two more times. Then, the mixture was sparged with argon for 10 
min. After this time, tetrakis(triphenylphosphine)palladium(0) (982 mg, 5 
mol%) and copper(I) iodide (162 mg, 5 mol%) were added to the reaction 
mixture with the help of toluene (10 mL). After 10 more min of sparging with 
argon, trimethylsilaneacetylene (2.0 g, 20.4 mmol) dissolved in degassed 
toluene (20 mL) was added and the temperature was raised to 50 ºC. The 
mixture was allowed to react for 72 h. After the reaction cooled down, DCM 
was added to the mixture and then it was washed three times with 10% aq 
NH4Cl. The aqueous layers were reunited, and extracted with DCM. The 
combined organic layers were washed with brine, dried with MgSO4 and 
evaporated. The residue was purified with silica gel column chromatography 
using EtOAc: hexane 2:8 as eluent, which yielded 3 as yellowish oil (3.07 g, 
69 %). Rƒ = 0.41 (EtOAc: hexane 4:6). 1H NMR (500 MHz, CDCl3) δ 7.33 (dd, J = 
8.3, 2.0 Hz, 1H), 7.28 (d, J = 2.0 Hz, 1H), 7.09 (d, J = 8.2 Hz, 1H), 3.83 (t, J = 5.6 
Hz, 2H), 2.97 (t, J = 5.7 Hz, 2H), 2.72 (s, 6H), 0.24 (s, 9H). 13C NMR (126 MHz, 
CDCl3) δ 151.92, 135.70, 134.76, 131.37, 119.78, 117.08, 104.70, 93.85, 64.18, 44.96, 
35.87, 0.00. HR-MS: calcd for [M+H]+ C15H24NOSi: 262.1621, found: 262.1617.
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Synthesis of compound 4. Compound 3 (254 mg, 0.97 mmol) was dissolved in 
MeOH (10 mL). Then, K2CO3 (1.34 g, 9.7 mmol) was added to the mixture. 
After 30 min, thin layer chromatography revealed complete deprotection. 
Then, water was added, and a solution of 0.1 M HCl was slowly added until 
neutralization. Then, the mixture was extracted three times with DCM, the 
organic layers were combined and washed with brine, dried with MgSO4 and 
evaporated. The product (169 mg, 92 %) was used without further purification. 
Rƒ = 0.34 (EtOAc: hexane 4:6). 1H NMR (500 MHz, CDCl3) δ 7.38 (dd, J = 8.2, 2.1 
Hz, 1H), 7.32 (d, J = 2.0 Hz, 1H), 7.13 (d, J = 8.2 Hz, 1H), 3.86 (t, J = 5.7 Hz, 2H), 
3.05 (s, 1H), 2.99 (t, J = 5.7 Hz, 2H), 2.73 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 
152.76, 135.89, 134.81, 131.55, 119.93, 118.38, 83.37, 76.74, 64.17, 44.83, 35.83. HR-
MS: calcd for C12H16NO [M+H]+: 190.1226, found: 190.1227. 
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4.5. BODIPY dyes functionalized with 2-(2-
dimethylaminophenyl)ethanol moieties as selective 
OFF-ON fluorescent chemodosimeters for the nerve 
agents mimics DCNP and DFP 
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Abstract 
Two OFF-ON fluorescent chemodosimeters based on a BODIPY core for the detection 
of nerve agents mimics have been synthesized. Their reactivity towards 
diethylcyanophosphonate (DCNP) and diisopropylfluorophosphate (DFP) has been 
tested in organic and aqueous phase. These chemodosimeters selectively detect the 
nerve agents with good LODs. The chemodosimeters hold their sensing properties on 
solid supports, allowing the preparation of a hand held sensing kit. The sensing in 
solid-liquid phase has been demostrated. The X-Ray structure of compound 2 has been 
resolved. 
Introduction 
Sarin, Soman and Tabun are by far the most known chemical warfare among 
the nerve gases. Their extreme toxicity, together with their low cost and easy 
production makes these compounds a big concern for governments and 
civilians, especially in areas involved in war related conflicts. Chemically, 
nerve agents are organophosphorous derivatives with a good leaving group 
(see Scheme 1). These compounds irreversibly bind to a free serine residue of 
the acetylcholinesterase, inhibiting its enzymatic task1. The resulting over-
accumulation of acetylcholine in the synaptic junctions of the nerves has 
immediate effects such as muscle relaxation hindering, “hyperventilation” and 
death in the worst cases. 
Monitoring these agents has been achieved by means of different technologies, 
such as the use of ion mobility spectroscopy2, biosensors3, electrochemical 
methods4, microcantilevers5, photonic crystals6, optical-fiber arrays7, etc. but 
most of them show some limitations, such as low portability, high costs or the 
need of qualified personal to operate the devices. 
In the last years, the use of colorimetric and/or fluorimetric chemosensors has 
gained importance. Colorimetric and/or fluorimetric chemosensors have 
proved to be a cost-effective method capable of performing quantitative 
analysis with widespread technologies, or even semiquantitative analysis with 
the “naked-eye”. 
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Scheme 1. Chemical structures of nerve-agents Sarin, Soman, and Tabun, their simulants 
(DFP and DCNP) and some pesticides as potential interfering agents. 
Among the existing dosimeters for the nerve agent simulants, the transduction 
mechanism usually involves charge transfer (ICT) or photoinduced electron 
transfer (PET) processes, whereas the interaction with the analytes is 
performed by quaternization of nitrogen atoms8, phosphorylation of 
hydroximate groups9 or displacement assays10. 
Our research group has recently explored the use of 2-(2-
(dimethylamino)phenyl)ethanol moieties11 in the selective detection of nervous 
gases. The detection mechanism starts with the phosphorylation of the 
hydroxyl group by the organophosphorous derivatives forming a 
phosphoester, which in a second step is displaced by the attack of the nitrogen 
atom to give a five membered ring quaternary ammonium salt. 
On the other hand, borondipyrromethene (BODIPY) fluorophores have gained 
a huge attention due to their remarkable optic properties, such strong 
extinction coefficients, high quantum yields of fluorescence and good 
photostability.12 Herein we report the synthesis of two new fluorescent probes 
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(1 and 2) based on 2-(2-dimethylaminophenyl)ethanol receptors connected to 
BODIPY fluorophores, and their use in the selective detection of the nerve 
agent simulants DCNP and DFP. 
Results and discussion  
The synthesized probes (1 and 2) are depicted in Scheme 2. It was expected that 
these chemodosimeters in polar solvents would have no fluorescence due to 
ICT processes involving the nonbonding electrons of the nitrogen atom.13,14 In 
the presence of nerve agents, the nitrogen atom should form the corresponding 
ammonium salt through a displacement reaction and thus an increase of the 
fluorescence was expected to occur. 
 
Scheme 2. Chemical structures of the synthesized probes. 
Synthesis	  of	  the	  probes	  	  
BODIPY-based probe 1 was synthesized in 63% yield by means of a 
Liebeskind-Srögl coupling between the boronic acid derivative 3 and 
thiomethyl-BODIPY 4 in the presence of Cu(I)-2- thienylcarboxylate (CuTC), 
trifurylphosphine (TFP) and a catalytic ammount of Pd2(dba)314 (Scheme 3). 
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Scheme 3. Coupling reaction to form probe 1 
The synthesis of the boronic acid precursor 3 started with the reductive 
hydrogenation of the 2-(2-nitrophenyl)ethanol in the presence of formaldehyde 
to yield 2-(2-dimethylaminophenyl)ethanol 5, followed by an aromatic 
bromination with NBS catalyzed with ammonium acetate to form 6.  Lithiation 
of this compound with two equivalents of BuLi followed by treatment with 
triethoxyborane and acidic water work-up gave rise to the building block 3 
(Scheme 4). 
 
Scheme 4. Synthetic procedures to form the boronic acid of sensing unit 3. 
On the other hand, the thiomethyl BODIPY derivative 4 was obtained by the 
condensation of pyrrole with thiophosgene, followed by methylation with MeI 
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and reaction with BF3·Et2O following procedures described in the literature15a. 
The tetramethylated thiomethyl BODIPY analogous was also obtained by using 
2,4-dimethylpyrrole instead of pyrrole. Unfortunately, the cross-coupling 
between 3 and this derivative was not successful, probably due to steric 
hindrance. 
Probe 2 was synthesized by means of a Suzuki cross-coupling reaction between 
the boronic acid derivative 3 and the meso-(p-bromophenyl) BODIPY 7 in 86% 
yield (Scheme 5). 
 
Scheme 5. Synthesis of probe 2. 
Compound 7 was prepared in a 19% yield by the condensation of 2,4-
dimethylpyrrole with p-bromobenzaldehyde, followed by aromatization with 
DDQ and reaction with BF3·Et2O15b. 
X-­‐Ray	  structure	  of	  compound	  2	  
Single dark red crystals of compound 2 were obtained by slow evaporation of 
acetonitrile solutions. X-ray diffraction analysis of several batches revealed a 
monoclinic P21/c crystal system, with two molecules in the asymmetric unit. 
In general, the bond lengths and angles within the BODIPY core exhibit the 
same geometric parameters as those examples reported in the literature.16 Thus, 
the boron atom has the typical bond lengths (B-N 1.548 Å and B-F 1.394 Å) and 
the N1-B1-N2 and F1-B1-F2 angles indicate a tetrahedral BF2N2 configuration17.  
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Figure 1. (Top) Asymmetric unit of compound 2. Thermal ellipsoids indicate the atom 
positions at probability levels of 35%. (Bottom) Molecular packing in the unit cell of the 
crystal structure along the b axis. Hydrogen atoms have been omitted for clarity.  
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Moreover, the dihedral angle between the pyrrole rings is 2.16º indicating a 
high level of planarity of the BODIPY core. By contrast, the phenyl group at the 
meso position is almost perpendicular to the indacene plane with a dihedral 
angle of 81.53º. The two aromatic rings in the biphenyl moiety are also not 
coplanar (dihedral angle of 22.16º) following the trend observed in other 
related compounds14 (Figure 1).  
To our surprise, the nitrogen atom of the dimethylamino group shows a 
remarkable pyramidalization with average C19-N3-C19’ bond angles of 112.8º. 
The Car-N3 bond length is 1.429 Å indicating that there is no conjugation 
between the nitrogen lone pair and the π-system of the aromatic ring. Besides, 
the methyl groups of the dimethylaniline moiety are facing away from the ortho 
alkyl substituent, observation that has been previously spotted in other o-
substituted anilines.18  
The 2-ethanol moiety shows a high grade of disorder in one of the molecules of 
the asymmetric unit, with three different positions for the oxygen atom, one of 
them at the 50% of occupation and the other two at 25% each. 
Spectroscopic	  properties	  
The spectroscopic properties of compounds 1 and 2 were evaluated in 
acetonitrile solution (10-6 M). Compound 1 shows an absorption band at 495 nm 
(ε= 61600 M-1cm-1) whereas compound 2, in addition to the main absorption 
band at 498 nm (ε= 91400 M-1cm-1), shows two small bands at 240 and 290 nm, 
which can be attributed to the biphenyl moiety attached at meso position. The 
fluorescence emission spectra of these compounds in acetonitrile show weak 
emission bands at λem= 515 nm (λexc= 470 nm) for 1 and λem= 507 nm (λexc= 480 
nm) for 2. The fluorescence quantum yields (Фf ) of the free species in 
acetonitrile are rather low (< 0.02 for 2 and < 0.001 for 1). 
The strong fluorescence quenching observed for these compounds presumably 
resides in an intramolecular charge transfer (ICT) from the donor 
dimethylaniline moiety to the acceptor BODIPY core. In fact, it is known for 
similar compounds that the initial locally excited state (LE), after solvent 
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reorganization, leads to a ICT state which is highly stabilized in polar solvents 
such acetonitrile13. BODIPYs showing an ICT processes use to have low 
quantum yields due to the non-radiative deactivation nature of the ICT 
processes. Moreover, in the case of 1, the existence of a twisted intramolecular 
charge transfer (TICT) could be considered, as it has previously been observed 
in related compounds14. 
Reducing the dimethylaniline electron-donating power (i.e: protonation or 
quaternization), would result in the cancellation of the ICT processes with the 
concomitant increase in the lifetime of the LE state thereby restoring the 
fluorescence emission13. 
In fact, we could observe that after protonation with HClO4, compound 2 
restored its fluorescence to emission quantum yields of Фf = 0.446, while the 
quantum yield of 1+H+ increased to Фf = 0.019.  
Table 1. Spectroscopic properties of the synthesized dyes, free and protonated. 
Concentration is 10-6 M in MeCN. Proton source is HClO4. λexc= 470 and 480 nm for 1 and 2 
respectively. Фf was measured using meso-phenyl BODIPY as standard.17 ax = relative 
amplitude of species x. [a] not measured due to low emission 
Probe λabs 
(nm) 
λem 
(nm) 
Фf τ1 
(ps) 
a1 
(%) 
τ2 
(ps) 
a2 
(%) 
1 495 515 <0.001 n.m.[a]    
1+H+ 501 520 0.014 97    
2 498 507 0.019 76.3 99.3 2002 0.7 
2+H+ 499 508 0.446 643 16.3 2370 83.7 
	  
Detection	  experiments	  in	  solution	  
As a first approach, detection studies were carried in liquid phase using 
acetonitrile solutions (10-6 M) of compounds 1 and 2. Both probes showed small 
changes in the UV spectrum after addition of different aliquots of DCNP or 
DFP. Only compound 2 showed a new UV band at 260 nm along with a 
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decrease of the bands at 240 and 290 nm. This change on the UV region can be 
ascribed to a change in the dihedral angle of the biphenyl moiety19, 20 (see 
Figure 2 for compound 2 and Figure S-1 for compound 1). On the other hand, 
the addition of DCNP or DFP to acetonitrile solutions of 1-2 immediately gave 
rise to a large enhancement of the fluorescence emission.  
 
Figure 2. UV-vis (left) and emission (right, λexc=470 nm) spectra of compound 2 in MeCN 
(1x10-6 M for emission, 1x10-5 M for UV-vis) titrated with DCNP (from 100 µM to 20 mM). 
Yellow: free ligand, red: ligand+DCNP 20 mM. 
The side products from the nerve agents decomposition by hydrolysis or other 
mechanisms (i.e: formation of the pyrophosphate) include the formation of 
acids. Thus, in order to demonstrate that the previously described changes 
were due to the reaction with the simulant and not to a mere protonation 
process, buffered solutions of the probes were used in the detection 
experiments. 
Thus, 10-6 M solutions of sensors 1 and 2 in water:MeCN 3:1, buffered with 
0.1M MES pH 5.5 were also studied11. Addition of DCNP or DFP in the range of 
100 µM to 20 mM also gave rise to a large enhancement of the corresponding 
emission bands.  
The nature of the resulting product of the reaction of 1 or 2 with the simulants 
was studied by the synthesis of the expected product through a different 
pathway. Thus, cyclization reaction of 2 was carried out with one equivalent of 
tosyl chloride in acetonitrile in the presence of K2CO3.  
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Scheme 6. Cyclization reaction of 2 in the presence of tosyl chloride to form compound 8. 
The isolated product was characterized by NMR and HRMS, and its UV-vis 
and emission spectrum (λabs= 499 nm, λem= 509 nm, Фf = 0.435, τ1 = 424 ps, τ2 = 
2289 ps with relative amplitudes of a1 = 14% and a2 = 86%) perfectly matched 
with that resulting of 2 + DCNP (see supplementary information, figure S-17). 
Kinetic	  studies	  	  
The kinetic of the reaction between compounds 1 and 2 and DCNP and DFP in 
buffered water:MeCN (3:1 v/v) solutions (pH 5.5, MES 0.1 M) was studied. For 
each solution, a battery of experiments was carried out using different amounts 
of simulant. The simulant was always in an excess to consider pseudo first-
order conditions.  
The intensity of the emission band was continuously monitored (520 nm and 
510 nm for 1 and 2 respectively). The obtained data allowed us to determine 
the observed rate constants at different simulant concentrations (kobs). Plotting 
kobs vs the concentration of the simulant, let us evaluate the constant rates (k) 
and the corresponding half-life time (t1/2 = ln 2/k) for the reaction of DCNP and 
DFP with 1 and 2. Table 2 summarizes the results obtained. Moreover, as an 
example, figure 3 shows the increment in the emission intensity at 510 nm for 
probe 2 in the presence of 6, 12, 18, 24 mM of DCNP in buffered 
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water/acetonitrile 3:1 v/v mixtures (for compound 1 see supplementary 
information, figure S-18). 
 
 
Figure 3. Kinetic profile of the emission intensity at 510 nm of probe 2 after the addition of 
6, 12, 18 and 24 mM DCNP. Probe 2 is 10-6 M in pH=5.5 buffered water/acetonitrile 3:1 v/v 
mixture. The inset shows the correlation between kobs and concentration of DCNP.  
 
Table 2. Observed reaction rates (kobs) and constant rates (k) for the reaction of probes 1 and 
2 with different concentration of nerve gas simulants DCNP and DFP. Sensors are 10-6 M in 
pH=5.5 buffered water/acetonitrile 3:1 v/v mixture 
Probe kobs k 
(10-3s-1) 
t1/2 
(s) 
1 0.116 0.173 0.235 0.286 9.53 72 
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Limits	  of	  detection	  and	  interferents	  
Detection limits for compounds 1 and 2 are summarized in Table 3. For this 
determination, increasing amounts of the simulants were added to solutions 
containing probes 1 or 2. The emission values for these determinations were 
measured two minutes after the addition of the simulant. The limit of detection 
was considered to be reached at concentrations of simulant that fulfilled the 
condition: 
Is = I blank + 3 × σblank 
where Is is the sample emission intensity after 2 minutes of addition of the 
simulant, I blank is the emission intensity mean of the blank and σblank is the 
standard deviation of the blank. 
Table 3. Limits of detection (ppm) of DCNP and DFP for probes 1 and 2, in MeCN and in 
buffered water:MeCN (3:1 v/v) solutions (pH 5.5, MES 0.1 mol dm-3) 
(ppm) DCNP DFP DCNP (water:MeCN)  
1 5 3 54  
2 7 8 4  
 
Additionally, the reactivity of probes 1 and 2 towards other organo-
phosphorous compounds (OP) and 4,4’-DDE, or 4,4’-DDD (see Scheme 1) was 
studied in buffered aqueous solutions (water/acetonitrile 3:1 v/v pH=5.5 MES 
0.1M ). Thus, 100 ppm of the interfering species were added to the probe 
solutions. In general, no increase of fluorescence emission was observed 
indicating that no reaction occurred in the presence of potential interferents 
that may be present in common environments (see Figure 4). 
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Figure 4. Relative (to DCNP) emission intensity of compounds 1 and 2 (measured at 520 
and 510 nm respectively) with 1000 ppmv of DCNP, OP compounds, gasoline and diesel. 
Moreover, DCNP or DFP were added to the water/acetonitrile 3:1 v/v 
solutions of 1 and 2, containing the tested interferents and, as expected, the 
detection event still was observed, indicating that these species do not ruin the 
sensing capabilities of the probes. 
Sensing	  experiments	  over	  supporting	  material	  
In order to assets the possibility of using these chemosensors as on-field 
sensing devices, we decided to fabricate solid polymer strips doped with the 
probes 1 and 2. The strips, which had no initial fluorescence, were dipped in 
distilled water contaminated with DCNP (from 2 to 2000 ppm). Clear 
enhancement of the fluorescence was observed by the naked eye from 20 to 
2000 ppm for 2 (see figure 5).  
Compound 1
Compound 2
DCNP
DECP DPEP
MalathionDyfonate
DOPP Gasoline
Diesel
DCTP
DMTP
No
rm
ali
ze
d E
mi
ssi
on
 In
ten
sit
y
0
50
100
Chapter	  4	  
 
 285 
 
Figure 5. Hydrogel coated polyethylene strips. Hydrogel was previously doped with 
compound 2. The strips were dipped in distilled water contaminated with (from the left to 
the right): 0, 2, 20, 200, and 2000 ppmv of DCNP. Values indicate the relative (to the 
rightmost strip) luminance of the measured squared areas. Measurement was carried out 
by meaning the CIE luminance of all the pixels inside the squared area with a custom-made 
image processing software. (Fluorescent changes are more easily appreciated on the real 
samples rather than on the paper) 
Additionally, tap water was also used as solvent in the tests showing that this 
complicated matrix has no influence in the sensing properties of the system. 
After the test was performed, washing the strips with distilled water did not 
quench the fluorescence, indicating that the irreversible cyclization had 
occurred. 
Gas	  phase	  sensing	   	  
As a test experiment, we hang the strips in the center of a round bottom flask, 
containing an air atmosphere. Then, this atmosphere was contaminated with 5 
ppm of DCNP. In the period of 5 minutes, the strip was removed from the 
system, and a clear increase of the fluorescence emission could be observed 
under a hand held UV254nm lamp. With this simple procedure, we demonstrated 
the possibility of detection of nerve agent simulants in the gas phase. At the 
moment, this part of the investigation is still in progress. 
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Experimental 
General	  methods	  
All the synthetic manipulations were performed in a dry argon atmosphere 
using standard techniques. Compound 4 and 7 were prepared following the 
procedures described in the literature.15a, 15b. Tetrahydrofuran was distilled over 
Na prior to use. The other materials were purchased and used as received. 
Silica gel 60 F254 (Merck) plates were used for TLC. 1H and 13C NMR spectra 
were recorded using a Bruker DRX-500 spectrometer (500 MHz for 1H and 126 
MHz for 13C) and a Bruker Avance 400 MHz (400 MHz for 1H and 100 MHz for 
13C) with the deuterated solvent as the lock and residual solvent as the internal 
reference. HRMS were recorded using a Shimadzu QP5050A. Absorption 
spectra were recorded with a Shimadzu UV-2101PC spectrophotometer. 
Fluorescence spectra were carried out in a Varian Cary Eclipse fluorimeter. 
Crystal	  structure	  data	  collection	  and	  refinement.	  	  
Intensity data were collected at 120(2) K with an Oxford Diffraction S Ultra 
diffractometer equipped with a Mo co-mounted (λ = 0.71073 Å) enhance X-ray 
sapphire CCD detector. Structures were solved by direct methods and refined 
by full-matrix least-squares using SHELX-97.20, 21 Molecular graphics of the 
structures (Fig. 1) were produced with Mercury and Ortep.22 Solution, 
refinement, geometrical calculations and graphics were performed with the 
WinGX package.23 CCDC 982038 contain the supplementary crystallographic 
data for this paper.  
Experimental	  procedures	  
Synthesis of compound 6. 2-(2-Nitrophenyl)ethanol (10 g, 61 mmol), 37 % aq 
formaldehyde (11.24 mL, 75.2 mmol), ethanol (200 mL, 99 %), and Pd/C (500 
mg, 10 %)were placed under an H2 atmosphere at 60 PSI until the uptake of 
hydrogen ceased. After filtration through celite, the solvent was evaporated, 
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and the residue was dissolved in EtOAc, and washed twice with water, and 
NaCl (sat.). The organic phase was dried using MgSO4, and the solvent was 
evaporated to give 2-(2-(N,N-dimethylamino)-phenyl)ethanol as crude oil. The 
oil (10.12 g, 61 mmol) and ammonium acetate (470 mg, 6.1 mmol) were 
dissolved in acetonitrile (300 mL) in a round bottom flask. Then, the mixture 
was cooled down to 0 ºC, and a solution of N-bromosuccinimide (10.85 g, 61 
mmol) in 10 ml of acetonitrile was added dropwise. After 1 h reaction, the 
solvent was evaporated and the mixture dissolved in EtOAc. The organic 
solvent was washed twice with 10% aq Na2CO3  and NaCl (sat.). The organic 
phase was dried with MgSO4 and evaporated. The remaining oil was purified 
by silica column chromatography using EtOAc:hexane 4:6 as eluent to yield 
10.61 g (71%) of 6 as brownish oil. Rƒ = 0.77 (EtOAc:Hexane 6:4). 1H NMR (500 
MHz, CDCl3) δ 7.24 (dd, J = 8.5, 2.4 Hz, 1H), 7.21 (d, J = 2.3 Hz, 1H), 6.97 (d, J = 
8.5 Hz, 1H), 3.75 (t, J = 5.7 Hz, 2H), 2.87 (t, J = 5.7 Hz, 2H), 2.59 (s, 6H). 13C NMR 
(125 MHz, CDCl3) δ 151.36, 138.22, 133.64, 130.35, 121.77, 117.61, 77.00, 63.86, 
44.81, 35.61. HR-MS: calcd for C10H14BrNO [M+ H]+: 244.0337, found: 244.0341. 
 
Synthesis of compound 3. Compound 6 (1.45 g, 5.94 mmol) was dissolved in 
dry THF under argon atmosphere and the solution was cooled to -78 ºC. Then, 
15.77 mL of 1.13 M BuLi (17.82 mmol) was slowly added. After 30 min, the 
reaction was warmed to 0 ºC in an ice bath for 5 min, and then cooled again to -
78 ºC. At this point, triethylborane (2.55 ml, 14.84 mmol) was added. The 
reaction was allowed to warm up and was kept overnight at room 
temperature. Then, 75 ml of NH4Cl 10% in water was added, and the mixture 
was stirred for other 5 min. The organic solvent was partially evaporated, the 
organic phase was extracted with dichloromethane (5x100ml) and the 
combined organic phases were dried over MgSO4. The solvent was evaporated, 
and the solid was dissolved in the minimum amount of CHCl3. A 1:1 mixture 
of EtOAc:hexane  was slowly added in order to precipitate the boronic acid 3. 
The compound was isolated by centrifugation (0.96 g, 77%). Rƒ = 0.59 
(EtOAc:MeOH 9:1). 1H NMR (500 MHz, DMSO-d6) δ 7.81 (br. s, 2H), 7.62 (d, J = 
1.2 Hz, 1H), 7.59 (dd, J = 8.0, 1.2 Hz, 1H), 7.06 (d, J = 7.5 Hz, 1H), 4.70 (s, 1H), 
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3.64 (t, J = 7.5 Hz, 2H), 2.82 (t, J = 7.5 Hz, 2H), 2.65 (s, 6H). 13C NMR (125 MHz, 
DMSO-d6) δ 136.69, 133.44, 132.29, 118.49, 62.20, 45.16, 34.72. HR- MS: calcd for 
C10H17BNO3 [M+H]+: 210.1296, found: 210.1301. 
 
Synthesis of compound 1. Thiomethyl-BODIPY 4 (36 mg, 0.153 mmol) and 
boronic acid 3 (96 mg, 0.459 mmol) were dissolved in 6 ml of dry THF. The 
solvent was purged with argon for 10 min. At this point, Pd2dba3 (3.5 mg, 3.8 
µmol, 2.5 mol%), tri(2-furyl)phosphine (2.6 mg, 11.4 µmol, 7.5 mol%) and 
copper(I) thiophene-2- carboxylate (174 mg, 0.918 mmol, 6 equiv) were added 
followed by 5 min N2-purge. Then, the mixture was heated at reflux for 24 h. 
After this time, TLC plate revealed quantitative consumption of starting 
materials. Then, solvent was evaporated and the mixture was dissolved in 
dichloromethane, and washed twice with NaHCO3 10% and NaCl(sat.). The 
organic layer was dried with MgSO4 and the solvent was evaporated. The 
remaining mixture was purified by aluminium oxide column chromatography 
using dichloromethane as eluent to yield 48 mg  (84%) of an orange solid. Rƒ = 
0.42 (dichloromethane, aluminum oxide). 1H NMR (500 MHz, CD2Cl2) δ 7.93 (s, 
2H), 7.53 – 7.50 (m, 2H), 7.32 (dd, J = 7.6, 1.0 Hz, 1H), 7.09 (d, J = 4.2 Hz, 2H), 
6.62 (d, J = 4.2 Hz, 2H), 3.92 (t, J = 6.0 Hz, 2H), 3.09 (t, J = 6.1 Hz, 2H), 2.85 (s, 
6H). 13C NMR (125 MHz, CD2Cl2) δ 155.81, 143.20, 134.95, 134.78, 134.53, 133.49, 
131.48, 130.30, 129.02, 119.55, 118.25, 63.49, 44.43, 35.44. HR-MS: C19H21BN3OF2 
[M+H]+: 356.1740, found: 356.1749. 
 
Synthesis of compound 2. meso-bromophenyl-BODIPY 7 (96.3 mg, 0.239 
mmol), boronic acid 3 (150 mg, 0.718 mmol) and sodium carbonate (151 mg, 
1.44 mmol) were dissolved in 10 mL of a DFM/water (4/1 v/v) mixture. The 
solvent was purged with argon for 10 min. 
Tetrakis(triphenylphosphine)palladium(0) (13.7 mg, 12 µmol) was added, and 
the mixture was degassed for 5 more minutes. Then, the mixture was heated to 
100 ºC and allowed to react for 1 h. After this time, TLC plate revealed 
quantitative consumption of starting materials. Solvents were then evaporated 
and the mixture was dissolved in dichloromethane. The organic solvent was 
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washed twice with water, and the aqueous layer was extracted with 
dichloromethane. The combined organic layers were washed with NaCl(sat.) 
and dried with MgSO4. After solvent evaporation, the remaining mixture was 
purified by silica column chromatography using EtOAc:Hexane 7:3 as eluent to 
yield 99 mg  (86%) of an orange solid. Rƒ = 0.4 (EtOAc:Hexane 4:6). 1H NMR 
(500 MHz, CD2Cl2) δ 7.78 (d, J = 8.2 Hz, 2H), 7.60 (dd, J = 8.2, 2.4 Hz, 1H), 7.56 
(d, J = 2.3 Hz, 1H), 7.39 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.3 Hz, 1H), 6.08 (s, 2H), 
3.91 (t, J = 5.8 Hz, 2H), 3.11 (t, J = 5.8 Hz, 2H), 2.78 (s, 6H), 2.57 (s, 6H), 1.52 (s, 
6H). 13C NMR (125 MHz, CD2Cl2) δ 155.35, 152.50, 143.38, 141.88, 141.21, 136.42, 
136.10, 133.46, 131.44, 129.52, 128.49, 127.31, 125.93, 121.12, 120.40, 64.05, 44.76, 
36.06, 14.33. HR- MS: calcd for C29H33BN3OF2 [M+H]+: 488.2679, found: 
488.2685. 
 
Synthesis of compound 8. Compound 2 (29.2 mg, 59.9 µmol), tosyl chloride 
(13.7 mg, 71.8 µmol) and potassium carbonate (24.8 mg, 180 µmol) were placed 
in a round bottom flask and water traces were evaporated twice with 5 ml of 
toluene. Then, the mixture was dissolved in 5 ml of dry acetonitrile. The 
mixture was allowed to react overnight at room temperature. At this point, the 
orange precipitate was filtered off and washed with cold Et2O, to yield 35.2 mg 
(92 %) of the desired product. 1H NMR (500 MHz, CDCl3) δ 7.99 (dd, J = 8.5, 2.1 
Hz, 1H), 7.82 (d, J = 8.1 Hz, 2H), 7.74 – 7.67 (m, 4H), 7.43 (d, J = 8.1 Hz, 2H), 7.17 
(d, J = 7.9 Hz, 2H), 6.02 (s, 2H), 4.57 (t, J = 7.2 Hz, 2H), 3.88 (t, J = 1.8 Hz, 6H), 
3.49 (t, J = 7.3 Hz, 2H), 2.59 (s, 6H), 2.35 (s, 3H), 1.45 (s, 6H). 13C NMR (125 
MHz, CDCl3) δ 155.86, 146.70, 144.00, 143.56, 142.84, 140.67, 139.77, 139.19, 
135.39, 133.54, 131.33, 129.03, 128.80, 128.63, 127.83, 125.94, 125.09, 121.40, 
118.15, 68.59, 55.23, 27.33, 21.23. HR-MS: calcd for C29H30BN3F2 [M-TsO]+: 
470.2574, found: 470.2578. 
 
Synthesis of 1,3,5,7-tetramethyl-8-thiomethyl-BODIPY. The synthesis of the 
tetramethylated analogous of compound 4 was carried out according to 
reference 24. The NMR data are in agreement with those previously reported. 
1H NMR (500 MHz, CDCl3) δ 6.09 (s, 2H), 2.61 (s, 6H), 2.52 (s, 6H), 2.46 (s, 3H). 
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13C NMR (126 MHz, CDCl3) δ 155.32, 143.46, 141.68, 134.22, 122.15, 22.17, 16.90, 
14.65. HR-MS: calcd for C14H18N2F2SB [M+H]+: 295.1246, found: 295.1243. 
 
Preparation of the strips. 2.0 g of poliuretane based hydrogel solution 
(Hydromed D4®) was mixed by 1h rotation with 27.5 mL of EtOH and 2.4 mL 
of water. To 2.5 mL of the viscous solution, 500 uL of a 4.3 mM dioxane 
solution of probes 1 or 2 was added, and the resulting mixture was again 
rotated for an additional hour. Polyethylene strips (40 x 5 x 0.5 mm) were then 
dipped once in the solutions and then allowed to dry at room temperature for 2 
hours 
Conclusions 
Two OFF-ON BODIPY-based probes have been prepared and their utility in 
the detection of nerve agent simulant (DCNP and CFP) has been demonstrated. 
The dimethylamino groups present in compounds 1 and 2 inhibit the typical 
fluorescence of the BODIPY core probably due to an ICT mechanism. In the 
presence of the target species, the fluorescence of the system is restored 
through the quaternization of the dimethylamino nitrogen atom. The intensity 
of the fluorescence is stronger in compound 2 than in 1. Registered LOD were 
in the 50 ppm, and in the case of 1 with DFP, went down to 3 ppm. In addition, 
selectivity towards different potential interferents present in civilian or military 
settings has been demonstrated. The properties of the probes are still present in 
solid supported kits which are able to detect the studied simulant not only in 
solution but also in gas phase. The achieved LOD are even lower when these 
solid supports are used.  
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Introduction 
Many Nerve agents are highly toxic phosphoric acid esters, and are structurally 
related to the organophosphates family. These compounds have rapid, severe 
effects on human and animal health when used in gas, aerosol or liquid. The 
effects of nerve agents are mainly due to their ability to inhibit the action of 
acetylcholinesterase, a critical central nervous system enzyme.1 Nerve agents 
are considered to be among the most dangerous chemical warfare agents 
(CWAs).2 In addition, their easy production, their extreme toxicity and their 
possible use in terrorist attacks, emphasize the need to detect these odourless 
and colourless chemicals via the development of reliable and accurate 
methods.3,4 Current protocols for monitoring nerve agents are based on the use 
of biosensors,5,6 ion mobility spectroscopy (IMS),7 electrochemistry,8,9 
microcantilevers,10,11 photonic crystals,12,13 optical-fibre arrays, 14 etc. As an 
alternative to these, the development of easy-to-use fluorogenic and 
chromogenic probes has proved useful for signalling these derivatives in 
different media and has kindled interest in recent years.4,15-19 Moreover, 
colorimetric sensing is particularly attractive as it requires low-cost widely 
used instrumentation, and also offers the possibility of detecting  these target 
analytes “to the naked eye”. 
We have recently shown an interest in developing chemical probes capable of 
signalling the presence of nerve agent simulants following different sensing 
paradigms.20,21 Moreover, given the high toxicity of nerve agents Sarin, Soman 
and Tabun, the related compounds DCP and DCNP have been typically used 
as models for the design of indicators and sensing systems as they have a 
similar reactivity, but lack severe toxicity (Figure 1). 
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Figure 1: Nerve agents and simulants 
To design the probes, we followed the well-established paradigm that relies on 
the use of dyes containing suitable reactive sites which, upon reaction with 
target guests, result in a colorimetric event. The use of specific reactions to 
generate the observable changes ensures the selectivity of chemodosimeters. In 
addition, the adequate election of the dyes gives rise to probes that shows high 
sensitivity. Probably, the most common chemical reaction involving nerve 
agents takes place directly at the phosphorus atom; in fact, the P-X bond is 
easily broken by nucleophiles such as water or hydroxyl ions.  
 
Figure 2: Chromogenic triaryl methane cations 
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Given the versatility of this approach, we designed chromogenic probes 1 and 
2 (see Figure 2), whose structures contain nucleophilic moieties (able to react 
with nerve agents) connecting triaryl methane cations dyes. 
Triaryl methane cations dyes present the advantage of being more stables 
when they are compared with the triarylcarbinol compounds previously used 
in our laboratory. In fact, triarylcarbinol derivatives can be dehydrated in a 
very small yield under many different conditions giving rise to colour changes 
in the sensor when solutions are kept for long times.  
Results and discussion 
Compound 1 is the well-known 4-Pyridine Green cation and 2 is a modification 
of the Crystal Violet dye whose structure contains an additional 2-
hydroxyethyl moiety. The former contains a pyridine group capable of 
undergoing phosphorylation reactions. The latter holds a 2-(2-
(dimethylamino)phenyl)ethanol moiety (see Scheme 1), which is known to give 
reactions with phosphonate substrates to further undergo rapid intramolecular 
N-alkylation to yield a quaternary ammonium salt.20-22 We expected, upon 
reaction with certain organophosphorous (OP) substrates, the transformation 
of pyridine 1 into the corresponding pyridinium salt. The stronger electron 
withdrawing character of the pyridinium salt would result in a modulation of 
the push-pull character on the dye and in a colour shift. Similarly the 
phosphorilation of the hydroxyl group in compound 2 that is followed by an 
intramolecular SN2 reaction would transform the tertiary amine into a 
quaternary ammonium salt with similar changes that these described for 
compound 1. 
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Scheme 1: Synthesis of chromoreagent 2 
Detection	  studies	  
First, reactivity of 1 and 2 was tested with DCP and DCNP (see Scheme 2) in 
acetonitrile: water (25:75 v/v) buffered at pH 5.5 with MES (2-
morpholinoethanesulfonic acid) 0.1 mol dm-3. These conditions were chosen for 
two reasons: (i) to guaranty that the observed changes were due to the 
expected reaction and not to a mere acid-base process and (ii) to ensure the 
probe solubility.  
In this medium, compound 1 displays an intense absorption band at 635 nm, 
typical of triarylcations. Addition of either DCP or DCNP resulted in a 
bathochromic shift of 20 nm. This change in colour is consistent with the 
phosphorylation of the pyridine, and gives rise to a pyridinium salt showing a 
stronger electron withdrawing character (when compared with pyridine)23,26 
(see Figure 2). In order to assess the proposed mechanism, 1H NMR studies 
were carried out. Addition of DCNP to the CD3CN solutions of chromoreagent 
1 induced clear changes in the 1H NMR spectrum. Thus, Hb underwent a 
downfield shift of Δδ = 0.13 ppm, whereas the variation of the Ha shifts was 
almost negligible. In the dimethylaniline ring, Hc and Hd were downfield 
shifted (Δδ = 0.03 ppm and Δδ = 0.02 ppm respectively). The signals 
corresponding to the methyl groups underwent no chemical shift variation 
(Figure 3). The changes observed were in agreement with the proposed 
formulation.  
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Figure 3: (up) UV spectrum of 1 (1x10-5 mol dm-3 in buffered acetonitrile:water (25:75 v/v) 
solutions (pH 5.5, MES 0.1 mol dm-3)) free and upon addition of 100 equiv of DCNP and 
DCP; (bottom) UV spectrum of  2 (1x10-5 mol dm-3 in buffered acetonitrile:water (25:75 v/v) 
solutions (pH 5.5, MES 0.1 mol dm-3)) free and upon addition of 100 equiv of DCNP and 
DCP. 
 
Figure 4. 1H NMR spectra of ligand 1: free and in the presence of 36 equiv. of DCNP 
(aromatic region) 
Chapter	  4	  
 
 301 
Compound 2 (1x10-5 mol dm-3 in acetonitrile:water (25:75) buffered at pH 5.5 
using MES 0.1 mol dm-3) showed an absorption band at 603 nm, which 
underwent a bathochromic shift at 627 nm, along with the appearance of a new 
band at 427 nm upon addition of DCNP or DCP (Figure 2). This colour 
modulation from marine blue to turquoise (see Figure 5) was consistent with 
the intramolecular cyclisation process in which the donor character of N,N-
dimethylanilino moiety drastically diminished upon the formation of the 
corresponding quaternary ammonium salt (scheme 2). 
 
Scheme 2: Reactivity of 1 and 2 with DCP and DCNP 
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Figure 5: (left) Probe 2 (1x10-5 mol dm-3 in buffered acetonitrile:water (25:75 v/v) solutions 
(pH 5.5, MES 0.1 mol dm-3)) and (right) 2 (1x10-5 mol dm-3 in buffered acetonitrile:water 
(25:75 v/v) solutions (pH 5.5, MES 0.1 mol dm-3)) upon addition of 100 equiv of DCNP. 
More pronounced colour changes (from marine blue to turquoise) can be perceived on the 
real sample when compared to the picture. 
In order to demonstrate the mechanism involved in the observed chromogenic 
response, N,N-dimethylanilino compound was also prepared following a 
different synthetic path via the reaction of 2 with p-toluenesulfonyl chloride in 
the presence of sodium carbonate in acetonitrile. This resulted in the 
corresponding tosylated derivative that underwent spontaneous cyclisation to 
give the cyclised product. The formation of this final derivative was easily 
detected in the 1H-NMR spectra of the final product; as expected, more marked 
changes in the signals of dye 2 in the presence of DCNP or DCP were observed 
for the hydrogen atoms in the five-membered ring; i.e., Hc was shifted 0.13 
ppm downfield whereas Hd and He were upfield shifted at 0.05 and 0.08 ppm, 
respectively. In addition, very minor or insignificant shift changes were 
observed for Hf and Hg. 
Selectivity	  and	  detection	  limits	  
Other studies also confirmed that 1-2 were unable to react with other 
organophosphorus derivatives (i.e., OP1-OP4) (see Figure 4) under similar 
conditions, indicating that the sensing chromogenic reaction was selective for 
the detection of simulants DCP and DCNP. The detection limits for probes 1 
and 2 were 3.2 x 10-3 mol dm-3 and 2.1 x 10-3 mol dm-3 for DCP and 8.0 x 10-3 mol 
dm-3 and 4.1 x 10-3 mol dm-3 for DCNP, respectively. These values are similar to 
these obtained with other chemodosimeters based on a similar approaches.21 
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Kinetic	  studies	  
In order to gain a better understanding of the reaction, the reactivity between 
compounds 1 and 2 and DCP and DCNP in buffered acetonitrile-water (75:25 
v/v) solutions (pH 5.5, MES 0.1 mol dm-3) was studied. For each probe a 
battery of experiments were carried out using different concentrations of 
simulant. These concentrations were always in an excess to considerer pseudo 
first-order conditions. Monitoring in each case the changes in the absorbance 
intensity at 655 nm and 627 nm for 1 and 2, respectively, and by plotting ln[(Af-
A)/Af] versus time (where Af was the final absorbance and A was the 
absorbance at a given time) allowed us to determine the observed rate constant 
(kobs) for the reaction of the nerve agent simulants with 1 and 2. From these 
data, the constant rates for the studied reactions were evaluated and from them 
the corresponding half-life time (t1/2 = ln2/k) were calculated. Table 1 
summarises the results obtained. Additionally, as an example, Figure 6 shows 
the increase in the absorbance at 627 nm for dye 2 in the presence of 300 equiv 
of DCNP in buffered acetonitrile:water 25:75 v/v mixtures.  
Table 1. Kinetic data for Ligands 1 and 2  
Ligand DCP DCNP 
 k [s-1] t1/2[s]  k[s-1] t1/2[s]  
1 91.97 <0.01 21.74 0.03 
2 >100 <0.01 1.36 0.51 
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Figure 6: Absorption changes at 627 nm upon the reaction of 2 with DCNP (300 equiv.). The 
inset shows the pseudofirst-order kinetic plot achieved after an induction time of 40 s). 
The rate constants were 0.016 s-1 and 0.001 s-1 for 1 in the presence of DCP and 
DCNP, whereas the k values for 2 were higher; i.e., 0.095 s-1 and 0.035 s-1 for 
DCP and DCNP, respectively. Regarding the latter probe, in systems which 
employ similar cyclisation paradigms for the detection of nerve gases 
simulants, it has been reported that the reaction of alcohol with the 
phosphorous atom to form the phosphate ester intermediate is slow when 
compared with intramolecular cyclisation. 21  
Conclusions 
Two new triarylmethyl cations (1 and 2) have been reported as probes for the 
colorimetric sensing of nerve agent simulants. The reaction of 1 with DCP and 
DCNP results in phosphorylation at the pyridine, which induces a 
bathochromic shift in the UV-Vis spectrum. Compound 2 also shows a 
bathochromic shift in the presence of nerve agent stimulants; in this case, 
however, the phosphorylation of the hydroxyl group was followed by 
intramolecular cyclisation. In both cases, a modulation in the electronic donor 
properties of the nitrogen atoms occurs and results in colour changes which 
can be observed to the naked eye. It is remarkable that chemosensors 1 and 2 
react only with DCP and DCNP, which show similar chemical structures to the 
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Sarin, Soman and Tabun nerve agents, whereas 1 and 2 remain silent in the 
presence of other organophosphorous derivatives such as OP-1-4. The simple 
preparation of these derivatives and their selective response make the 
preparation of other probes using a similar combination of nucleophilic groups 
(i.e., pyridine and hydroxyl moieties) with different dyes feasible. Further 
studies in this line are being carried out. 
Experimental section 
THF was distilled from Na/benzophenone under Ar prior to use. All other 
reagents were commercially available, and were used without purification. 
Silica gel 60 F254 (Merck) plates were used for TLC. 1H-NMR and 13C-NMR 
spectra were recorded on a Bruker 500 MHz spectrometer. Chemical shifts are 
reported in ppm units with tetramethylsilane as an internal standard. High 
resolution mass spectra were recorded in the positive ion mode on a VG-
AutoSpec mass spectrometer. UV-vis absorption spectra were recorded using a 
1 cm path length quartz cuvette on a Shimadzu UV-2101PC spectrophotometer. 
All measurements were carried out at 293 K (thermostated). 
 
Synthesis of cations 1 and 2. The synthesis of 1 was carried out following 
procedures described in the literature,23 whereas compound 2 was prepared 
using the pathway described in Scheme 1. The synthesis involved the use of the 
previously reported 2-[4-bromo-2-(N,N-dimethylamino)-phenyl]ethanol.24,25 
200 mg (0.82 mmol) of bromide was dissolved under argon atmosphere in 8 ml 
of dry THF. The solution was cooled down to -78 ºC, and then 1.23 ml (1.97 
mmol) of a 1.6 M butyl lithium solution was added dropwise. After 15 min, 
219.37 mg (0.82 mmol) of 4,4’-(dimethylamino)benzophenone dissolved in 7 ml 
of dry THF were added. Reaction was kept overnight. After quenching the 
remanent butyl lithium with water, the organic solvent was partially removed. 
The mixture was dissolved in 10 ml of MeOH, and was heated to 50 - 60 ºC 
during 20 min after adding 0.4 ml of a 70 % HClO4 solution. MeOH was then 
evaporated, and the remaining oil was partitioned in a 40 ml DCM:H2O 1:1 
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mixture. The aqueous layer was extracted 5 times with portions of 40 ml of 
DCM, and the combined organic layers were dried with MgSO4. After 
evaporating the solvent, the product was purified by column chromatography 
using (DCM to DCM:MeOH, 97:3) as eluent to yield a 34% of a blue solid.1H 
NMR (500 MHz, CDCl3) δ 7.35 (d, J = 8.6 Hz, 4H), 7.17 (d, J = 2.7 Hz, 1H), 7.11 
(dd, J = 8.5, 2.7 Hz, 1H), 7.00 (d, J = 8.5, 1H), 6,81 (d, J = 9.0 Hz, 4H) 3.87 (t, J = 
6.5, Hz, 2H), 3.28 (s, 12H), 2.99 (s, 6H), 2.98 (t, J = 6.6 Hz, 2H).13C NMR (75 
MHz, CDCl3) δ 178.04, 158.83, 156.30, 140.54, 139.82, 135.89, 132.04, 131.74, 
127.01, 118.35, 112.99, 62.71, 44.01, 40.71, 35.37. HRMS calcd for C27H34N3O [M]+: 
416.2702 found 416.2707. 
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The use of chemical warfare (CW) agents in terrorism has attracted increasing 
interest in the development of reliable and accurate methods to detect these 
lethal compounds.1 Among CW, nerve agents are especially dangerous, and the 
United Nations classifies them as weapons of mass destruction. Nerve agents 
are capable of interfering with the action of the nervous system through the 
inhibition of acetylcholinesterase, resulting in acetylcholine accumulation in 
the synaptic junctions that hinders muscles from relaxing.2 From a chemical 
viewpoint, nerve agents are organophosphonates with good leaving groups in 
their structures. Current nerve agents monitoring methods are mainly based on 
biosensors,3 ion mobility spectroscopy,4 photonic crystals,5 electrochemistry,6 
microcantilevers7 and optical-fiber arrays,8 and show certain limitations in their 
use such as low portability and complexity. Recently as an alternative to these 
classical methods, the development of fluorogenic and chromogenic probes has 
proved useful for the recognition of these chemicals in solution and gas 
phases.9 Chromogenic systems are especially appealing because they use 
widely available instrumentation and allow the design of assays to be detected 
with the naked eye. Nevertheless, examples of selective and sensitive chromo-
fluorogenic probes for the detection of these derivatives are still rare. The 
chemosensors described in the literature make use of easily observable and 
measurable fluorescence and color changes, and involve PET-based processes,10 
oximate-containing derivatives,11 molecularly imprinted polymers,12 
nanoparticles,13 carbon nanotubes,14 cyclization reactions in push-pull 
chromophores,15 displacement assays,16 and organic-inorganic hybrid 
materials.17 In most of these studies the nerve gas simulants such as 
diethylcyanophosphate (DCNP) and diisopropyl-fluorophosphate (DFP) are 
used. These compounds display similar reactivity, as they have the same 
leaving groups, than the real nerve agents Sarin, Soman and Tabun, but they 
lack their rigorous toxicity. 
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Figure 1. Chemical structures of nerve agents Sarin, Soman and Tabun, their simulants 
(DFP and DCNP), potential interferents and probe 1. 
Most of these reported chromo-fluorogenic probes rely on the electrophilic 
reactivity of nerve gases with suitable nucleophiles which, in many cases, 
result in an ON-OFF behavior. However, despite the intrinsic interest in the 
design of such chromo-fluorogenic probes, the reported examples have certain 
limitations. Perhaps the most important one, in particular, is the fact that the 
reactions used are nonspecific and, in general, the reported dye-based probes 
display the same optical response to all nerve agents. However, the 
development of rapid methods for the individual signaling of Sarin, Soman or 
Tabun may prove important. For instance, despite the emergency response 
protocol being similar for all nerve gases, their different toxicity and 
experimental evidence that some antidotes are ineffective for certain nerve 
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agents, they all indicate the importance of distinguishing certain agents within 
this family of lethal chemicals.18 
Following our interest in the development of chromo-fluorogenic probes for 
nerve agents,15,17 we report herein a simple colorimetric system that is not only 
able to respond to nerve agent mimics, but is also able to distinguish DFP (a 
mimic of Sarin and Soman nerve gases) from other simulants and 
organophosphates. 
The signaling protocol uses chromogenic probe 1 (Figure 1). This molecule was 
designed to contain two chromo-chemosensing moieties; i.e., (i) a nucleophilic 
hydroxyl group that provides a suitable reactive site for electrophilic 
phosphorous atoms such as those in nerve agents; (ii) a t-
butyldimethylsilylether (TBDMS) group that is known to react with fluoride,19 
which is a specific by-product to be exclusively obtained upon the 
phosphorylation of the OH moieties with the Sarin and Soman simulant DFP. 
Both reactions; i.e., phosphorylation of the hydroxyl moiety and elimination of 
the TBDMS group, are expected to occur with a significant color modulation 
(vide infra). Derivative 1 was readily prepared from t-butyldimethylsilylether 
of 4-bromophenol and Michler’s ketone (4,4’-bis(dimethylamino)-
benzophenone) through the corresponding organolithium derivative (see the 
Supporting Information for details).  
As a first step, the reactivity of 1 was tested with nerve agent simulants DFP, 
and DCNP in acetonitrile-water 9:1 v/v mixtures (C = 1.0 x 10-5 mol dm-3) 
buffered at pH 8 (HCl/borax buffer) in order to avoid pH changes due to a 
potential partial hydrolysis of the simulants. Compound 1 is colorless and 
displays a unique band at 266 nm. Upon the addition of 100 equivalents of 
DCNP, a remarkable change in the spectrum was observed after a short time 
(less than 30 s.) with the appearance of two bands at ca. 342 nm and 608 nm 
(Figure 2), which resulted in a color modulation from colorless to bright blue-
green (see Figure 3). 
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Figure 2. UV-Vis spectra of chromoreactand 1 (C = 1.0 x 10-5 mol dm-3) in acetonitrile-water 
9:1 v/v (buffered with HCl/borax at pH 8.0) solution alone and in the presence of DCNP 
and DFP (100 equivalents). 
This shift to higher wavelengths is consistent with a reaction between the 
electron-deficient phosphorus atom in nerve agent simulants DCNP and the 
nucleophilic hydroxyl moiety in chromoreactand 1. In the presence of DCNP, 
the hydroxyl moiety of 1 undergoes phosphorylation to yield compound I that 
quickly results in the formation of the highly conjugated salt II (green, see 
Scheme 1). In order to assess the mechanism involved in the observed 
chromogenic response, compound II was prepared following a different 
synthetic route which involved the treatment of an acetonitrile solution of 
chromoreactand 1 with one equivalent of trifluoroacetic acid at 40ºC for 30 
minutes. The reaction product was isolated and characterized as derivative II. 
The product obtained following this synthetic route showed an identical 1H-
NMR spectrum to that from the product obtained from the reaction of 1 with 
DCNP. 
In contrast, a very different chromogenic behavior was observed after addition 
of 100 equivalents of DFP. On this occasion, the colorless solution of 1 initially 
became green, but then turned to pink after a few seconds due to the 
appearance of a band at 557 nm (see Figure 2). In this case and in mechanistic 
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terms, after completing the first step (to yield structure I) and the additional 
dephosphatation process (to yield compound III), the fluoride anion, obtained 
as a by-product of the reaction, was able to attack the silicon atom of the 
TBDMS moiety, which resulted in an SN2 deprotection reaction that yielded 
ketone IV (pink, see Figure 3).  
 
Figure 3. Photograph of probe 1 (1.0 x 10-5 mol dm-3) in acetonitrile-water 9:1 v/v (buffered 
with HCl/borax at pH 8.0) solutions. From left to right: 1, 1+DCNP, 1+DFP. 
 
Scheme 1. Chromogenic response mechanism for probe 1 in the presence of nerve agent 
simulants DCNP or DFP.  
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In order to confirm the mechanism proposed, derivative II was treated with 
one equivalent of tetrabutylammonium fluoride to unequivocally yield ketone 
IV (see the Supporting Information for details). A remarkable detection limit 
(DL) in acetonitrile:water 9:1 v/v solutions of 130 ppb for DFP was determined. 
The DL for DCNP was 30 ppm under simialr conditions. (see Supporting 
Information). In an additional step, the reactivity of 1 with the 
organophosphorous (OP) compounds (C = 160 ppm) shown in Figure 1 was 
studied in mixed acetonitrile-water 9:1 v/v (buffered with HCl/borax at pH 
8.0). In all cases, the solutions of 1 remained colorless, which indicated that no 
reaction occurred between 1 and these OP derivatives. The acetonitrile-water 
9:1 v/v solutions of 1 were also tested in the presence of potential interferents 
which may be present in a civilian setting such as malathion, dyfonate, 4,4’-
DDD or 4,4’-DDE (see Figure 1) and oxidants such as O3, H2O2 or peroxides at a 
concentration of 1000 ppm. In all cases, no changes in color were noted. 
Moreover when DCNP or DFP were added to the acetonitrile-water 9:1 v/v 
solutions of 1, containing all these potential interferents, color changes such as 
those shown in Figure 3 were observed, indicating that these species do not 
interfere with the detection of nerve agent mimics. No changes in color were 
observed in the presence of petrol or fuel oil added to the acetonitrile-water 
solutions of 1.  
As we were confident with these results, we decided to move one step further 
and we carried out studies using chromoreactand 1 to develop test strips for 
the simple colorimetric detection of nerve agent simulants in solution or gas 
phases. To test this possibility, a hydrophobic polyethylene oxide film 
containing 0.1% of compound 1 and 1% of Cs2CO3 was prepared as a prototype 
of the colorimetric probe.20 Moreover in order to overcome possible false 
positives due to the potential presence of strong acids in solution or as vapours, 
a polyurethane membrane containing 0.1 % of the acid-base indicator 2 (see 
Figure 1) was also prepared and included in the sensing ensemble (see Figure 
4). Dye 2 was selected because it was unable to react with the simulants yet it 
reacts with acids changing the colour from orange to colourless upon 
protonation. In a typical assay, polymers were either exposed to acetonitrile or 
acetonitrile-water 9:1 v/v solutions containing DFP, DCNP, HF or HCl or 
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placed in a container comprising the nerve agent simulants or the acids (25 
ppm for DFP, DCNP and 10 ppm for HF, HCl introduced into the container as 
an aerosol). A similar chromogenic behavior was seen in both the solution and 
the gas phase; i.e. in the presence of DFP the polyethylene oxide film 
containing 1 turned pink, whereas in the presence of DCNP the film became 
blue-green, in both cases film containing 2 remained orange. Moreover in the 
presence of HF and HCl the films of 1 became pink and blue-green (as 
observed with DFP and DCNP, respectively) yet in this case films of 2 turner 
colourless due to protonation of the dye (see Figure 4). This simple ensemble 
combining reactive 1 and the acid-base dye 2 is able to differentiate DFP (a 
Sarin and Soman simulant) from DCNP (a Tabun simulant) and at the same 
time detects the presence of possible interferents such as acids including HF.   
 
Figure 4. Polyurethane membranes of probe 1 and the acid-base indicator 2 in absence 
(blank) and in the presence of DFP (25 ppb), DCNP (25 ppb), HCl (10 ppm) and HF (10 
ppm) vapours. 
In order to complete the study of potential interferents in the gas phase, films 
films containing 1 were included in a flask containing saturated vapors of 
malathion, dyfonate, 4,4’-DDD, 4,4’-DDE and OP-1-4 derivatives for at least 24 
hours. The same experiments were performed in the presence of gasoline and 
diesel exhaust gases, which might be present in military settings. In all cases, 
no changes in the films’ color were observed. Additionally it was confirmed 
that the films of 1 were still able to react with DFP and DCNP in the presence 
of these potential interferents, with a similar response to that shown in Figure 
4. 
To summarize, we report herein a simple colorimetric probe based on a 
triarylmethanol derivative that is able to colorimetrically detect nerve agent 
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mimics and, at the same time, selectively distinguish the presence of the Sarin 
or Soman simulants DFP in either acetonitrile-water 9:1 v/v solution buffered 
at pH 8.0 or in the gas phase. This probe was designed to contain two reactive 
sites: an OH group that provides a suitable reactive place for nerve agents and 
a TBDMS moiety that is able to react with fluoride, which is a specific by-
product of the phosphorylation of OH when using DFP. This study indicates 
the possibility of developing similar systems for the selective detection of 
certain nerve gases that make good use of the unique reactivity of the specific 
by-product obtained upon the generic phosphorylation reaction induced by 
nerve agents. As far as we know, the system we report herein is the first probe 
for the selective colorimetric detection of Sarin and Soman versus other nerve 
gases such as Tabun. 
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Abstract 
A family of triarylcarbinols (1-11) has been synthesised, and its chromogenic 
behaviour in the presence of nerve-agent simulants diethylcyanophosphonate (DCNP) 
and diisopropylfluorophosphate (DFP) in acetonitrile and in buffered mixed 
water/acetonitrile solutions has been investigated. Hydrophobic polyethylene oxide 
films of these compounds have been prepared. Some of these triarylcarbinols act as 
OFF-ON chemodosimeters for nerve agent simulants. The sensing mechanism 
includes the phosphorylation of the hydroxyl group in the triarylcarbinol derivatives, 
followed by a dephosphatation reaction induced by the electron-donor groups present 
in the structure. The existence of additional t-butyldimethylsylil ether groups in 
compounds 2 and 3 permits these reagents to act as double probes by allowing the 
selective signalling of DFP. The reactivity between 1, 4-6 with DFP and DCNP in 
acetonitrile or water-acetonitrile solutions under pseudo first-order kinetic conditions 
was studied to determine rate constants (k) and the half-life times (t1/2) for the 
corresponding reactions. The films containing compound 2 were used to detect 
simulants in solution and in the vapour phase. Finally, a logic device was designed 
that includes compounds 2, 14 and 15, which allowed the detection of DFP (a Sarin 
and Soman simulant) and DCNP (a Tabun simulant), even in the presence of possible 
interferents such as acids. 
Introduction 
The current rise in international concern in criminal terrorist attacks via 
chemical warfare (CW) agents has resulted in the research community showing 
an ever-growing interest in the detection of these lethal chemicals.[1] Although a 
number of international treaties has banned the development, production and 
stockpiling of chemical weapons, these agents are still being reportedly 
produced or stockpiled in some countries. In addition, CW agents can not only 
be prepared through simple reactions using widely available chemicals, but 
can be delivered by a variety of routes. Among CW species, nerve agents are 
perhaps the most dangerous due to their strong biological effects. From the 
chemical point of view, nerve agents Tabun (GA), Sarin (GB) and Soman (GD) 
are phosphonate derivatives with similar structures to several common 
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pesticides. Under temperate conditions, most nerve agents have a low vapour 
pressure, which means they can evaporate quickly. For example Sarin, the most 
volatile agent, evaporates at about the same rate as water, and a 10 mg dose 
applied to the skin may cause the death of up to half of unprotected people. In 
addition, vapour inhalation produces poisonous symptoms from between 
seconds and several minutes. Nerve agents are capable of interfering with the 
action of the nervous system through the inhibition of acetylcholinesterase, 
resulting in acetylcholine accumulation in the synaptic junctions that hinders 
muscles from relaxing.[2] 
Due to the above-mentioned factors, high toxicity and easy production, the 
development of sensitive, selective detection methods has become a topical 
research issue in the sensors area. Thus, in addition to the detection systems 
based on enzymatic and physical methodologies,[3] the development of 
fluorogenic or chromogenic chemosensors or reagents, as an alternative to 
these classical methods, has gained interest in recent years.[4] Most chromo-
fluorogenic probes reported to date rely on the electrophilic reactivity of nerve 
gases and their binding to suitable nucleophiles; in most cases, ON-OFF 
chromo-fluorogenic behaviour is observed 
Following our interest in the development of probes for the detection of nerve 
agents, we report herein the use of triphenylmethane dyes as signalling 
systems for the detection of these chemicals. Triphenylmethane dyes constitute 
a very important class of dyes which has been used in a number of fields, 
including biochemical applications[5] analysis in the recognition of anions,[6] 
cations[7] and neutral molecules,[8] and as pH indicators.[9] In this study, we have 
made good use of their reactivity with nerve agent simulants. A preliminary 
report by us on the reactivity of compound 2 (vide infra) with nerve agent 
mimics has been recently published.[10] 
Results and Discussion 
The colorimetric recognition and signalling of nerve agent simulants is based 
on the reactivity of the hydroxyl group present in triarylcarbinols (see I in 
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Scheme 1). Hydroxyl groups are able to experiment acylation reactions with 
phosphonate substrates to form intermediate II, which easily undergoes an 
elimination reaction, giving rise to the corresponding carbocation (III). The 
formation of this carbocation is concomitant with a bathochromic shift, which 
is dependent on the substituent groups present in the triarylcarbinol structure. 
 
Scheme 1. Colorimetric sensing paradigm. The hydroxyl group undergoes 
phosphorylation, followed by elimination, to generate the corresponding coloured 
carbocation 
In this study, the chromo-reagents depicted in Scheme 2 were considered. 
Compounds 1, 4 and 7 have been previously described and they are 
commercially available or have been synthesised following the procedures 
described in the literature.[11] 
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Scheme 2. Chemical structure of compounds 1-11 
Additionally, compounds 2, 3, 5 and 6 were synthesised as shown in Scheme 3. 
The reaction of the benzophenones carrying the appropriate substituents with 
the corresponding organolithium derivatives resulted in the desired carbinols 
with yields of between 50-90%. Additionally, compounds 8-11 were prepared 
by following the pathway described in Scheme 4.[12] 
H
OH R2R1
4 R1=R2=N(CH3)2
OH
R3
R2R1
1 R1=N(CH3)2, R2=NH2, R3=H,
2 R1=R2=N(CH3)2, R3=OTBS
3 R1=N(CH3)2, R2=H, R3=OTBS
OH
5 R1=N(CH3)2, R2=H
6 R1=NH2, R1=H
S
R1 R2
OH N+
R2
CH3R1
10 R1=R2=N(CH3)2
11 R1=N(CH3)2, R1=H
I-
OH N
R2
R1
7 R1=R2=N(CH3)2
8 R1=N(CH3)2, R1=H
9 R1=R2=OCH3
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Scheme 3. Synthesis of products 2, 3, 5 and 6 
The carbinol stabilities in organic and aqueous media (measured as the time 
that a carbinol solution can be stored at room temperature without developing 
colour) depend on the electrondonating characteristics of the substituents 
present in their structures.[13] For instance, the corresponding carbinol of Crystal 
Violet, which contains three dimethylamino groups, underwent the 
dehydration reaction so quickly that it was almost impossible to obtain long-
term stable solutions of this compound, even in organic solvents. Substitution 
of one dimethylamino group for one hydrogen atom lessened reactivity, and 
the corresponding compound was stable in organic media, and only 
underwent slow dehydration in aqueous environments, giving rise to the 
corresponding carbocation Malachite green. Finally, one amino group instead 
of a dimethylamino rendered the more stable carbinol 1, and stable long-term 
colourless solutions of this carbinol in acetonitrile/water mixtures can be 
prepared. 
OH
N
OTBS
R
O
R2
R1
1.BuLi, THF -78 ˚ C
OTBS
Br
2. H3O+
R1= R2=N(CH3)2
R1=N(CH3)2, R2=H
2 R1=R2=N(CH3)2 ( 89%)
3 R1=N(CH3)2, R2=H (72%)
O
R2
R1
R1=N(CH3)2, R2=H
R1=NH2, R2=H
S
Li
1. THF -78 ˚ C
2. H3O+
OH
R2
S
R1
5 R1=N(CH3)2, R2=H (54%)
6 R1=NH2, R2=H (47%)
Chapter	  4	  
 
 329 
 
Scheme 4. Synthesis of products 7-11 
Within their structure, compounds 2 and 3 contained a t-butyldimethylsylil 
ether group. This group displayed a very moderate electrondonor character 
and, consequently, the stability of compound 2 was similar to that of the 
carbinol of Malachite Green. In general, the lesser electrondonor character of 
the silyl ether groups was also observed in 3 by the red colour of the generated 
cation according to the lesser extent of delocalisation of the positive charge 
when compared to Malachite green. As expected, compound 3 was even more 
stable than compound 2.  
Table 1. UV absorption maxima for carbinols 1-11 and their corresponding bis- or 
triarylcations. [a] The corresponding carbocations were synthesised by a 30-min treatment 
with an acid medium.  
 carbinol  
? [nm] 
cation[a] 
? [nm] 
  carbinol  
?  [nm] 
cation[a] 
? [nm] 
1 261 592  7 258 635 
2 266 605  8 264 431 
3 268 503  9 230 500 
4 270 605  10 217 - 
5 278 508  11 266 - 
6 272 500     
 
N
CN
Na/THF
N
CN
O
R2
OH N
R2
R1
R1
10 R1=R2=N(CH3)2
11 R1=N(CH3)2, R2=H
CH3I 7 R1=R2=N(CH3)2
8 R1=N(CH3)2, R2=H
9 R1=R2=OCH3
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Compounds 4-6 were also seen to be stable in acetonitrile and 
water/acetonitrile mixtures. The delocalisation induced by the electrondonor 
groups in the carbocations was also reflected in the absorption band 
wavelengths, which were greater as more electrondonor groups were present 
in the structure (see Table 1). 
On the other hand, the presence of electron-withdrawing groups, such as 
pyridine and methylpyridinium (compounds 7-11), made  the generation of the 
carbocation under the studied conditions more difficult,[14]or even precluded 
this generation (vide infra).[15] 
Nerve	  agent	  simulants	  detection	  	  
Detection studies were initially carried out with diethylcyanophosphonate 
(DCNP) and diisopropylfluorophosphate (DFP) in acetonitrile (see Scheme 5). 
Given the high toxicity of nerve agents Sarin, Soman and Tabun, the related 
compounds DFP and DCNP are typically used as models to design indicators 
and sensing systems as they have a similar reactivity, but lack their toxicity. 
Initially, studies were carried out with compound 1 (1 x 10-5mol L-1). Addition 
of DFP or DCNP to acetonitrile solutions of 1 resulted in the appearance of 
both a new absorption band at 592 nm and a colour modulation from 
colourless to blue. The observed results were consistent with the 
phosphorylation and subsequent elimination shown in Scheme 1. 
A similar behaviour was observed with compounds 2-6 upon the reaction with 
DCNP, i.e. carbocation was generated with the corresponding bathochromic 
shift of the absorption band. In addition, these reactions were easily observed 
by the naked eye. It was also confirmed that 1-6 were unable to react with other 
organophosphorous derivatives, such as OP1-OP4 (see Scheme 5). Compounds 
7-9 exhibited a different behaviour. In the presence of simulants, these reagents 
showed a new band at 403 nm, but they did not generate the corresponding 
carbocation. 
Chapter	  4	  
 
 331 
 
Scheme 5. Chemical structure of some organophosphorous derivatives, including nerve 
gases Sarin, Soman and Tabun and their stimulants DFP and DCNP. 
The new band at 403 nm was compatible with the phosphorylation at the 
pyridine; however, the generation of a positive charge on the nitrogen atom 
precluded carbocation formation. No changes were observed for 10 and 11 in 
the presence of simulants DFP and DCNP, and no further studies were carried 
out with these compounds.  
This later observation was in agreement with the expected stability of 
compounds 10 and 11, which were unable to generate the corresponding 
carbocation, even in acidic media. In a further step, the reactivity of 
compounds 1, 3-6 with DCNP was studied in the mixed water/acetonitrile 3:1 
v/v mixtures buffered at pH 5.5 (MES 0.1 mol L-1). 
Compound 2 was not studied under these aqueous conditions due to the lack 
of stability of carbinol at pH 5.5. It was not possible to use a higher percentage 
of water in the solvent mixtures in this work because of the poor solubility of 
some reagents. Under these conditions, the studied reagents presented 
bathochromically-shifted absorption bands upon the addition of nerve agent 
simulant DCNP, which gave rise to very similar final colours to those found in 
acetonitrile. For instance, the reaction of compounds 3, 5 and 6 with DCNP 
resulted in pink solutions, whereas a blue colouration was seen for compounds 
1 and 4. Compounds 1, 4, 5 and 6 showed a similar reactivity with DFP to that 
found with DCNP, whereas 3 (and also 2) displayed a different behaviour in 
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the presence of this simulant given the presence of the t-
butyldimethylsilylether moiety (vide infra). For example, Figure 1 offers the 
UV/vis spectrum of 1 and 1 in the presence of DCNP. 
 
Figure 1. The absorption spectra of chromoreactant 1 (1 x 10-5mol L-1) in acetonitrile solution 
and 1 after the addition of 100 equiv. of DCNP 
We were especially interested in further studying the reactivity of compounds 
2 and 3 in more detail. These derivatives contained two sensing moieties; i.e., 
(i) the nucleophilic hydroxyl group, which provides a suitable reactive site for 
nerve agent simulants; (ii) a t-butyldimethylsilylether (TBDMS) group, which is 
known to react with fluoride. Fluoride is a specific by-product that can be 
exclusively obtained upon the phosphorylation of the OH moieties with the 
Sarin and Soman simulants DFP. In fact, this special combination of 
phosphorylation and reaction with fluoride is expected to result in the selective 
detection of DFP. As a first step, the reactivity of DCNP and DFP with 2 was 
studied. A pH of 8 (Borax-HCl buffer) was selected in order to enhance the 
stability of 2 in mixed acetonitrile:water 9:1 v/v solutions. Compound 2 in 
acetonitrile:water 9:1 v/v was colourless and displayed a unique band at 266 
nm. Upon the addition of DCNP, a remarkable change in the spectrum was 
observed, along with the appearance of two bands at ca. 342 nm and 608 nm 
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(see Figure 2), which resulted in a colour modulation from colourless to bright 
blue-green. In contrast, when the same experiment was carried out with DFP, 
the blue-green colour initially observed became pink after a few seconds due to 
the appearance of an absorption band at 557 nm (see Figure 2). 
 
Figure 2. The absorption spectra of chromoreagent 2 (1 x 10-5mol L-1) in acetonitrile:water 
(9:1) solutions buffered at pH 8.0 with borax-HCl buffer and after  the addition of 100 equiv 
of DCNP and DFP. 
Mechanistically in the latter case, when the first phosphorylation step and a 
further dephosphatation process were carried out to yield the corresponding 
carbocation (a blue-green coloured solution), the fluoride anion, obtained as a 
by-product of the reaction, was able to attack the silicon atom of the TBDMS 
moiety, resulting in an SN2 deprotection reaction that yielded ketone 12 (pink; 
see Figure 2). In order to confirm the mechanism proposed, derivative 12 was 
prepared. Thus the addition of one equivalent of tetrabutylammonium fluoride 
to compound 2a unequivocally yielded ketone 12 (Scheme 6). 
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Scheme 6. Reactivity of 2a and 3a with fluoride 
The same reactivity was observed for compound 3, which gave rise to 3a with 
DCNP and to 13 with DFP. Unfortunately in this case, both the corresponding 
carbocation 3a and ketone 13 displayed a similar colour (λ = 503 and 510 nm 3a 
and 13, respectively) which could not be easily distinguished by the naked eye. 
Kinetic	  and	  Detection	  Limits	  Studies	  
In order to gain a better understanding of the reaction, the reactivity of 
compounds 1- 6 with DCNP and DFP in acetonitrile or in buffered acetonitrile-
water solutions under first-order conditions, using  excess corresponding 
simulant, was studied. Monitoring the changes in the absorbance intensity of 
the carbocation band and by plotting ln[(Af-A)/Af] versus time (where Af  was 
the final absorbance, and A absorbance at a given time) allowed us to 
determine rate constant (k) and the half-time (t1/2 = ln2/k) for the corresponding 
reaction of nerve gas simulants with probes. 
OTBS
N R1
2a  R1 = N(CH3)2
3a  R1 = H
O
N R1
12   R1 = N(CH3)2
13   R1 = H
TBSFF
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Figure 3. Absorption changes at 605 nm upon the reaction of 4 (1.0 x 10-5mol dm-3 in 
acetonitrile) with DFP. The inset shows the first-order kinetic plot. 
 
Table 2. Detection limits and kinetic data in acetonitrile for compounds 1-6 upon the 
reaction with DFP and DCNP. [a] The experiments were carried out in water-acetonitrile 
(3:1 v/v) solutions buffered at pH 5.5 with MES.  
Probe Simulant k (s-1) Detection 
limit 
[ppm] 
in solution 
Detection 
limit 
[ppm] 
in aerosol 
1 DFP 0.0229 3 15 
 DCNP 0.0050 0.9 15 
2 DFP 0.0087 0.13 1 
 DCNP 0.0008 30 0.2 
3 DFP 0.0023[a] 62 11 
 DCNP 0.0039[a] 44 5 
4 DFP 0.0077 124 40 
 DCNP 0.0091 53 60 
5 DFP 0.0014 36 11 
 DCNP 0.0044[a] 18 5 
6 DFP 0.0005 61 15 
 DCNP 0.0027 35 10 
 
For example, the absorbance changes at the UV/Vis band maximum for dye 4 
with DFP is shown in Figure 3. The data obtained for the studied compounds 
are summarised in Table 2. 
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The kinetic studies carried out with DFP in acetonitrile showed that the 
presence of strong electrondonor groups in the reagents increased the rate 
constants. For instance, probe 1 containing one dimethylamino and one amino 
group reacted faster than, for example, compound 6, which only contained one 
NH2 group (k = 0.0229 and 0.0005 s-1, respectively). This behaviour suggests 
that the rate-determining step is the second process shown in Scheme 1, where 
the electrondonor properties of the substituent groups should play a more 
important role.[16] This suggestion also agrees with the higher reactivity 
exhibited by compound 1 when compared with 4 (k = 0.0229 and 0.0077 s-1, 
respectively). In this case, both probes contained two electrondonor groups, 
but a higher steric hindrance was expected in the phosphorylated derivative 
obtained from 1 than that from 4; thus, during the conversion into a 
carbocation, the elimination of the phosphate group would be better favoured 
in 1 than in 4, as observed experimentally. In contrast, the experiments carried 
out with DCNP showed, in some cases, an opposite tendency which could be 
attributed to the first step (phosphorylation) being an equilibrium, as observed 
in the related compounds.[17] Table 2 also contains the determined detection 
limits.[18] The absorbance values for these determinations were measured 2 
minutes after the addition of the simulant. 
Sensing	  with	  test	  strips	  in	  mixed	  aqueous	  environments	  and	  in	  the	  gas	  phase	  
Encouraged by these results, we decided to take a further step and we carried 
out studies to develop test strips for the simple colorimetric detection of nerve 
agent simulants in solution or in the gas phase by using the prepared 
chromoreactants. To test this possibility, hydrophobic polyethylene oxide films 
containing 0.1% of probes 1-6 and 1% of Cs2CO3, to eliminate the possible 
presence of the acid that could be generated by the decomposition of the 
simulants, were prepared as prototypes of the colorimetric polymeric probes.[19] 
In a typical assay, films were exposed to acetonitrile or water-acetonitrile (3:1 
v/v) solutions containing DCNP or DFP. Alternatively, they were placed into a 
container holding the nerve agent simulants (50 ppm introduced as an aerosol). 
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Figure 4. The polyethylene oxide membranes of probe 2 in the absence and the presence of 
the DFP (50 ppm) and DCNP (50 ppm) vapours. 
A similar chromogenic behaviour was noted in both the solution and the gas 
phase; i.e., in the absence of nerve agent mimics, the membrane containing the 
chromoreagent was colourless, whereas the polyethylene oxide film became 
colourful in the presence of simulants. Detection limits for the different 
membranes were determined by a naked-eye observation of the colour changes 
in the presence of increasing amounts of DCNP or DFP, introduced as aerosols. 
The obtained values are summarised in Table 2. Additionally, the studies 
carried out with compound 2 revealed that the specificity in the reaction with 
DFP was kept in the membrane with the simulant in both the solution and the 
gas phase; i.e., the blank membrane was colourless, but became dark green in 
the presence of DCNP, whereas the initial dark green further evolved to 
pink/red in the presence of DFP (see Figure 4). 
Interference	  studies	  
One fundamental study in the development of probes for nerve gases 
simulants is the role played by possible interferents. Therefore the chromogenic 
responses of receptors 1-6 were tested in the presence of certain substances, 
which may be present in a military or in a civilian setting, such as some 
insecticides and pesticides (malathion, dyfonate, 4,4’-DDD, 4,4’-DDE) gasoline 
and diesel (and their exhaust gases), and certain oxidants. For this purpose, 
studies into the possible changes in colour on the buffered solutions of 
receptors 1-6 in the presence of these species were carried out. 
In a typical experiment, 100 equiv. of (dimethoxyphosphino-
thioylthio)butanedioic acid diethyl ester (malathion), O-ethyl S-phenyl 
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ethylphosphonodithioate (dyfonate), 1,1-dichloro-2,2-bis(p-chlorophenyl)-
ethane (4,4’-DDD) or 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (4,4’-DDE) 
were added to the water-acetonitrile (3:1 v/v) solutions of receptors 1-6 (1.0 x 
10-5mol L-1). In no cases were changes in colour observed. In the same set of 
experiments, the responses of receptors 1-6 were also tested in the presence of 
gasoline and diesel oil (100 equiv.). In both cases, negligible colour changes 
were found. Probes 1-6 reacted with neither oxidants such as O3, H2O2 nor 
peroxides at a concentration of 1000 ppm. Probes did not react with OP-1-4 
derivatives due to their chemical structures. Moreover, competitive studies 
were also carried out. For this purpose, nerve gas simulants DCNP and DFP 
were added to the solutions containing the interferents and, in all cases, a clear 
colour change from colourless to the corresponding colour was seen. In order 
to complete the study of potential interferents in the gas phase, the films 
containing 1-6 were placed into a flask containing the saturated vapours of 
malathion, dyfonate, 4,4’-DDD, 4,4’-DDE and OP-1-4 derivatives for at least 24 
h. The same experiments were performed in the presence of gasoline and diesel 
exhaust gases (obtained directly from exhaust pipe emissions). Finally, similar 
studies were carried out in the presence of other gases that can be present in air 
(NOx, SOx, CO) at concentrations of up to 50 ppm for NOx and saturated 
atmosphere for CO and SOx (1,000 times the average value of their 
concentrations in more contaminated cities). In all cases, no changes in the 
colour of the films were detected. In addition, films were still able to react with 
DFP and DCNP after exposure to these potential interferents. 
Sensing	  arrays	  
A crucial landmark in the search of probes for nerve gases in particular, and for 
CW agents in general, is the development of systems showing a minimum 
(ideally zero) number of false alarms. In addition, even though the emergency 
response protocol is quite similar for Tabun, Soman and Sarin, their different 
toxicity and the fact that there is evidence that some of the antidotes used are 
not effective for all nerve agents (e.g., pralidoxime chloride is ineffective in 
Soman poisoning) stress the importance of distinguishing a certain agent 
Chapter	  4	  
 
 339 
within this family of lethal chemicals.[20] By bearing these concepts in mind, we 
attempted to design a logic device based on a sensing array capable of 
selectively determining the presence of DFP (a Sarin and Soman simulant) and 
DCNP (a Tabun simulant). To achieve this goal, we used compounds 2 and 14 
(see Scheme 7). As seen above, the former was able to selectively detect DFP. In 
addition, orange derivative 14 has been reported to react with both DFP and 
DCNP to give a purple derivative which, in the case of DCNP, evolved after 
some few minutes to yellow.[36] This reaction was due to a reversible reaction 
induced by the presence of cyanide (a specific by-product which is exclusively 
obtained upon the phosphorylation of 14 with the Tabun simulant DCNP). As 
previously seen, compounds 2 and 14 did not change colour in the presence of 
insecticides, pesticides, gasoline and diesel exhaust gases or oxidants. 
However, one serious interference for both 2 and 14 was the presence of acidic 
conditions. Acid can induce the formation of the corresponding carbocation for 
probe 2, whereas it may also induce colour modulations by the protonation of 
14. In both cases, colour changes can interfere with the detection of nerve gases 
simulants. In order to overcome possible false positives due to the potential 
presence of strong acids, we additionally selected the commercially available 
compound 15 to design the sensing array. It was first confirmed that dye 15 
was unable to react with simulants DFP and DCNP; however, it reacted with 
the acids by changing in colour from orange to colourless upon protonation. 
The logic device[21] was finally designed by combining three polyethylene oxide 
membranes containing probes 2, 14 and 15. 
 
Scheme 7. Chemical structure of compounds 14 and 15 
N N
N N
N
N
14 15
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Figure 5. Colour map of the polyurethane films of 2, 14 and 15 and the colour of the films in 
the presence of the DCNP, DFP and H+ vapours. Colour maps are represented as the RGB 
coordinates obtained from the corresponding polyethylene oxide films. 
In a typical assay, polymers were exposed to either the acetonitrile or the 
acetonitrile-water 9:1 v/v solutions containing DFP, DCNP and volatile acids 
(HCl was employed) placed into a container holding nerve agent simulants or 
acids (25 ppm for DFP, DCNP and 10 ppm for H+ introduced into the container 
as an aerosol). The colour modulations observed in the membranes in the 
presence of DCP, DCNP and H+ are shown in Table 3.  
Table 3. The “true table” showing the response of the polyethylene oxide membranes of 
compounds 2, 14 and 15 in the presence of different mixtures of DFP, DCNP and H+. The 
colour changes represented as RGB coordinates obtained from the corresponding 
polyurethane films are also included. 
INPUT 
 
OUTPUT 
(λ Absorption) 
 
DFP DCNP HCl 557 nm 
452 
nm 
475 
nm 
0 0 0 0 0 0 000 
1 0 0 1 0 0 100 
 
0 1 0 0 1 0 010 
 
0 0 1 0 0 1 001 
 
1 1 0 1 1 0 110 
 
1 0 1 1 0 1 101 
 
0 1 1 0 1 1 011 
 
1 1 1 1 1 1 111 
  
Additionally, Table 3 is a “true table” showing the response of polyethylene 
oxide membranes to mixtures of DFP, DCNP and H+. Colour changes were 
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measured by monitoring the appearance of bands at 557 for compound 2, at 
452 nm for compound 14 and at 475 nm for compound 15. Furthermore, the 
colours observed in the membranes (as RGB coordinates obtained from the 
corresponding polyurethane films) are also shown. As observed in the table, 
this simple array is able to differentiate DFP (a Sarin and Soman simulant) from 
DCNP (a Tabun simulant) either alone or as a mixture, and even in the 
presence of possible interferents such as acids. 
Conclusions 
In conclusion, a family of reagents for the chromogenic detection of nerve 
agent simulants has been prepared. These chromoreagents undergo 
phosphorylation followed by a dephosphatation reaction which is coupled 
with a colour change upon the interaction with some nerve agent simulants. In 
all cases, the reaction of the reactants with nerve agent mimics is quick, and 
complete UV/Vis changes are observed after a few seconds. Two probes (2 and 
3) have been designed to contain two reactive sites: an OH group providing a 
suitable reactive place for nerve agents and a TBDMS moiety that is able to 
react with fluoride, which is a specific by-product of the phosphorylation of 
OH when using DFP. These systems are colorimetric probes for the selective 
detection of Sarin and Soman versus other nerve gases, such as Tabun. These 
probes retain their signalling abilities upon inclusion in solid membranes and 
they display colour modulations to nerve agent simulants in both vapours and 
mixed aqueous solutions. Finally, the reported reagents, in conjunction with 
other previously described systems, were used in the preparation of a logic 
device that is capable of being used in the detection of DFP (a Sarin and Soman 
simulant) and DCNP (a Tabun simulant), even in the presence of possible 
interferents such as acids. 
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Experimental Section 
General	  procedures	  and	  materials	  
All the commercially available reagents were used without purification. Silica 
gel 60 F254 (Merck) plates were used for TLC. The 1H and 13C NMR spectra 
were recorded in a deuterated solvent as the lock and in a residual solvent as 
the internal reference. The high-resolution mass spectra were recorded in the 
positive ion mode in a VG-AutoSpec. The UV-vis spectra were recorded using 
a 1-cm path length quartz cuvette. 
 
Synthesis of probe 2. (4-bromophenoxy)(t-butyl) dimethylsilane (287 mg, 1 
mmol) was dissolved in an argon atmosphere at -78ºC in dry THF (10 mL) and 
then the butyl lithium solution (1.23 mol L-1, 0.97 mL, 1.2 mmol) was added 
dropwise. After 25 min, the reaction flask was taken out of the cold bath for 5 
min to be then cooled down again before adding 4,4’-bis-
(dimethylamino)benzophenone (187 mg dissolved in 10 ml of dry THF, 0.7 
mmol). The reaction was kept overnight and then some drops of water were 
added. The organic solvent was partially removed and the mixture was 
redissolved in ethyl acetate (25 mL), washed with water and saturated NaCl 
solution, and was dried with anhydrous MgSO4. The reddish oil was purified 
by column chromatography using Ethyl acetate:Hexane:Et3N(30:68:2) as an 
eluent, and Et3N quenched silica as the stationary phase. The final carbinol was 
isolated as white oil (297 mg, 0.89 mmol, 89% yield). 1H NMR (400 MHz, 
CDCl3) δ 7.13 (d, J = 8.9 Hz, 2H), 7.10 (d, J = 9.0 Hz, 4H), 6.74 (d, J = 8.9 Hz, 2H), 
6.65 (d, J = 9.0 Hz, 4H), 2.93 (s, 12H), 0.98 (s, 9H), 0.19 (s, 6H). 13C NMR (100 
MHz, CDCl3) δ 154.32, 149.41, 140.78, 135.87, 129.04, 128.74, 119.00, 111.66, 
81.31, 40.55, 25.67, 18.16, -4.41.HRMS calcd for C29H39N2OSi ([M-OH]+) 459.2832, 
found 459.2827.  
 
Synthesis of probe 3. 4.8 mmol of buthyllithium. TMEDA complex (4.8 mmol 
BuLi of 0.715 ml (4.8 mmol) TMEDA, in 25 ml diethyl ether) were stirred in an 
argon atmosphere at room temperature, when a solution of the bromide (4 
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mmol, 1,01 ml) in 25 ml of diethyl ether was added. The mixture was allowed 
to react for 1 h. After this time, a solution of 4-dimethylaminobenzophenone 
(2.8 mmol in 25 ml of diethyl ether) was added. After 3 h, the mixture was 
poured into 250 ml of water. The organic layer was extracted, and washed with 
brine water, and was dried with Na2SO4. The oily product was purified with an 
Et3N basified silica chromatographic column, eluted with Hexane:AcOEt:Et3N 
9:0.8:0.2. Product yielded 875 mg, 72%;1H NMR (500 MHz, CDCl3) δ 7.39 - 7.27 
(m, 5H), 7.21 (d, J = 8.7 Hz, 2H), 7.15 (d, J = 8.9 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 
6.71 (d, J = 8.9 Hz, 2H), 2.98 (s, 6H), 1.08 (s, 9H), 0.28 (s, 6H) ppm;13C NMR (126 
MHz, CDCl3) δ 154.40, 149.41, 147.64, 140.29, 135.26, 129.08, 128.74, 127.76, 
127.54, 126.65, 118.99, 111.64, 81.38, 46.05, 40.38, 25.60, 18.07, 11.39, -4.47 
ppm;HRMS calcd forC21H19NO [M-H2O-TBS]+ 302.1545, found: 302.1552. 
 
Synthesis of probe 4. 50 mg (0.186 mmol) of bis(4-
dimethylamino)benzophenone were dissolved in 10 mL of MeOH. 70 mg (1.86 
mmol) of NaBH4 were slowly added to this solution and the mixture was 
stirred overnight at room temperature. Then, 20 mL of water were added and 
the solution was extracted with dichloromethane (3 × 20 mL).The organic 
phase was dried with anhydrous MgSO4 and evaporated to give 6 (48 mg, 95%) 
as a green solid. 1H NMR (300 MHz, CDCl3) δ 7.26 (dd, J = 8.9, 0.5 Hz, 4H), 6.73 
(d, J = 8.9 Hz, 4H), 5.74 (d, J = 2.1 Hz, 1H), 2.95 (s, 12H).13C NMR (75 MHz, 
CDCl3) δ 150.07, 132.69, 127.61, 112.63, 75.78, 40.83.  
 
Synthesis of probe 5. 1.14 g (5 mmol) of 4-dimethylaminobenzophenone was 
dissolved in 5 ml of dry THF in an argon atmosphere, then 5 ml of a 1 M 
solution of 2-thienyllithium in THF were added. The mixture was allowed to 
react for 24 h. After this time, water was added and the solvent was partially 
evaporated. The residue was redissolved in EtOAc, washed with water and 
brine, and dried with MgSO4. The carbinol was purified by flash 
chromatography by eluting with Hex:EtOAc:Et3N (97:1:2 → 83:15:2) over an 
Et3N quenched silica phase to afford 844 mg (yield: 54%); 1H NMR (500 MHz, 
CDCl3) δ 7.42 - 7.38 (m, 2H), 7.34 - 7.25 (m, 4H), 7.18 (d, J = 9.0 Hz, 2H), 6.94 (dd, 
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J = 5.1, 3.6 Hz, 1H), 6.73 (dd, J = 3.6, 1.2 Hz, 1H), 6.66 (d, J = 9.0 Hz, 2H), 2.95 (s, 
6H). 13C NMR (125 MHz, CDCl3) δ 153.09, 149.88, 147.03, 134.64, 128.27, 127.82, 
127.28, 127.21, 126.51, 126.36, 125.28, 111.63, 79.94, 40.45.HR-MS (EI) Exact mass 
calculated for C19H18NS m/z: [M - H2O + H]+ 292.1160; Found: 292.1167. 
 
Synthesis of probe 6. 450 mg (2.28 mmol) of 4-aminobenzophenone was 
dissolved in 20 ml of dry THF in an argon atmosphere, then 22.8 ml of a 1 M 
solution of 2-thienyllithium in THF were added. The mixture was allowed to 
react for 5 h. After this time, water (100 mL) was added and the solvent was 
partially evaporated. The residue was dissolved in dichloromethane, washed 
with water and brine, and dried with MgSO4. The carbinol was purified by 
flash chromatography by eluting with Hex:EtOAc:Et3N over an Et3N quenched 
silica phase to afford 302 mg (yield: 47%). 1H NMR (300 MHz, CDCl3) δ 7.43 
(dd, J = 8.0, 1.8 Hz, 2H), 7.38 -7.30 (m, 3H), 7.28 (dd, J = 5.1, 1.2 Hz, 1H), 7.13 (d, 
J = 8.7 Hz, 2H), 6.96 (dd, J = 5.1, 3.6 Hz, 1H), 6.76 (dd, J = 3.6, 1.2 Hz, 1H), 6.58 
(d, J = 8.7 Hz, 2H).13C NMR (75 MHz, CDCl3) δ 153.52, 147.52, 146.10, 137.53, 
128.97, 128.27, 127.73, 127.70, 126.99, 126.82, 125.75, 114.98, 80.26. 
 
Synthesis of probe 7. 870 mg (8.36 mmol) of 4-cyanepyridine was dissolved in 
60 ml of dry THF in an argon atmosphere, then 400 mg (17.39 mmol) of Na 
freshly were cut into small pieces and were added. The mixture was kept 
under sonication until radical anion formation (a red colour developed after 
radical anion formation) and then 2.58 g (9.63 mmol) of bis(4-
dimethylamino)benzophenone were added. The mixture was stirred for 24 h at 
room temperature. After the addition of 20 mL of water, a white solid was 
separated by filtration. The filtrate was extracted with dichloromethane (3 × 20 
mL) and the organic phase was dried with anhydrous MgSO4 and evaporated 
to obtain an additional portion of solid. The product was purified by 
chromatography (alumina, Hexane:AcOEt (7:3). 2.6 g of 7 were isolated as a 
white solid (yield 90%). 1H NMR (300 MHz, CD3CN) δ 8.84 (d, J = 5.1 Hz, 1H), 
7.61 (d, J = 5.3 Hz, 1H), 7.40 (d, J = 9.4 Hz, 2H), 7.02 (d, J = 9.5 Hz, 2H), 3.33 (s, 
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6H).13C NMR (75 MHz, CDCl3) δ 157.29, 150.11, 149.35, 134.37, 129.13, 123.11, 
112.16, 81.10, 40.85. 
 
Synthesis of probe 8. Following the same experimental procedure described 
for the synthesis of compound 7, and starting with 4-dimetilaminobenzofenona 
(2.76 g, 12.25 mmol) and 4-cyanopyridina (1.02g, 9.8 mmol), probe 8 was 
isolated as a white solid (3.0 g, yield 80%). 1H NMR (300 MHz, CDCl3) δ 8.50 
(dd, J = 4.5, 1.6 Hz, 2H), 7.31 – 7.25 (m, 7H), 7.03 (d, J = 9.0 Hz, 2H), 6.63 (d, J = 
9.0 Hz, 2H), 2.93 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 156.37, 150.39, 149.79, 
146.38 133.70, 129.21, 128.46, 128.11, 127.88, 123.06, 112.16, 81.40, 40.77. 
 
Synthesis of probe 9. Following the same experimental procedure described 
for the synthesis of compound 7, and starting with 4,4’-bis(methoxy)-
benzophenone (1.21 g, 5.0 mmol) (2.76 g, 12.25 mmol) and 4-cyanopyridina 
(430 mg, 4.13 mmol), probe 9 was isolated as a white solid.1H NMR (300 MHz, 
CDCl3) δ 8.36 (dd, J = 4.5, 1.7 Hz, 2H), 7.18 (dd, J = 4.7, 1.5 Hz, 2H), 7.08 (d, J = 
9.0 Hz, 4H), 6.76 (d, J = 9.0 Hz, 4H), 3.72 (s, 6H).13C NMR (75 MHz, CDCl3) δ 
159.35, 156.49, 149.65, 138.52, 129.49, 123.01, 113.83, 80.96, 55.70. 
 
Synthesis of probe 10. 139 mg (0.40 mmol) of 7 were dissolved in dry 
acetonitrile (30 mL) and then methyliodide (27.5 µL, 0.44 mmol, 1.1 equiv.) was 
added. The green solution was kept under reflux for 16 h. After this time, the 
solution was evaporated and the green oil obtained was purified by 
chromatography (alumina, AcOEt.MeOH (9:1). 10 (154 mg, 79%) was isolated 
as a green oil. 1H NMR (300 MHz, MeOH) δ 8.77 (d, J = 6.8 Hz, 1H), 8.02 (d, J = 
6.9 Hz, 1H), 7.15 (d, J = 9.0 Hz, 2H), 6.73 (d, J = 9.0 Hz, 2H), 4.37 (s, 1H), 2.93 (s, 
6H).13C NMR (75 MHz, MeOH) δ 169.73, 152.05, 146.30, 134.13, 131.98, 130.46, 
127.68, 113.71, 82.11, 48.79, 41.23. 
 
Synthesis of probe 11. Following the same experimental procedure described 
for the synthesis of compound 10, and starting with 8 (145 mg, 0.48 mmol) and 
methyl iodide (149 µL, 2.38 mmol, 5 equiv.), probe 11 (100 mg, 47%) was 
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isolated as a yellow oil. 1H NMR (300 MHz, MeOH) δ 8.79 (d, J = 6.7 Hz, 2H), 
8.07 (d, J = 7.0 Hz, 2H), 7.41 – 7.34 (m, 5H), 7.12 (d, J = 9.1 Hz, 2H), 6.76 (d, J = 
9.1 Hz, 2H), 4.39 (s, 3H), 2.96 (s, 6H).13C NMR (75 MHz, MeOH) δ 169.23, 
152.32, 146.59, 146.38, 133.56, 130.45, 129.81, 129.55, 129.44, 127.82, 113.65, 82.07, 
48.65, 41.07. 
General	  procedure	  for	  generating	  carbocations	  
An acetonitrile solution of carbinol (1 mol dm-3) was treated with an 
equimolecular quantity of H2SO4, and was stirred for 30 min at 40ºC. After 
evaporating the solvent, the corresponding carbocation was obtained. 
 
Carbocation 2a. 1H NMR (400 MHz, CDCl3) δ  7.43 (d, J = 9.2 Hz, 4H), 7.26 (d, 
J = 8.7 Hz, 2H), 7.08 (d, J = 8.9 Hz, 4H), 7.01 (d, J = 8.7 Hz, 2H), 3.36 (s, 12H), 
1.02 (s, 9H), 0.32 (s, 6H). 
 
Carbocation 3a. 1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 9.2 Hz, 4H), 7.26 (d,    
J = 8.7 Hz, 2H), 7.08 (d, J = 8.9 Hz, 4H), 7.01 (d, J = 8.7 Hz, 2H), 3.36 (s, 12H), 
1.02 (s, 9H), 0.32 (s, 6H). 
 
Carbocation 5a. 1H NMR (400 MHz, CDCl3) δ 8.22 (d, J = 5.0 Hz, 1H), 7.68 (m, 
1H), 7.55 (m, 2H), 7.52 (m, 1H), 7.43 (dd, J = 4.90 Hz, J = 4.12 Hz, 1H),  7.38 (m, 
2H), 7.35 (bd, J = 9.4 Hz, 2H), 7.04 (bd, J = 9.4 Hz, 2H), 3.51 (bs, 6H). 
 
Carbocation 6a. 1H NMR (300 MHz, Acetone) δ 7.70 - 7.61 (m, 5H), 7.49 (d, J = 
9.5 Hz, 2H), 7.38 (d, J = 9.0 Hz, 2H), 7.16 (d, J = 9.5 Hz, 2H), 7.02 (d, J = 9.1 Hz, 
2H), 3.44 (s, 6H). 
 
Carbocation 7a. 1H NMR (300 MHz, CD3CN) δ 8.81 (d, J = 5.1 Hz, 2H), 7.57 (d,  
J = 5.7 Hz, 2H), 7.37 (d, J = 9.5 Hz, 4H), 6.99 (d, J = 9.6 Hz, 4H), 3.31 (s, 12H).  
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Carbocation 8a. 1H NMR (300 MHz, Acetone) δ 9.10 (d, J = 7.0 Hz, 2H), 8.30 (d, 
J = 7.0 Hz, 2H), 7.85 (d, J = 9.1 Hz, 2H), 7.69 (d, J = 9.1 Hz, 2H), 7.44 – 7.32 (m, 
5H), 3.48 (s, 6H). 
 
Carbocation 9a. 1H NMR (300 MHz, Acetone) δ 9.03 (d, J = 7.0 Hz, 2H), 8.24 (d, 
J = 6.9 Hz, 2H), 7.28 (d, J = 9.0 Hz, 4H), 6.92 (d, J = 9.0 Hz, 4H), 3.80 (s, 6H). 
 
Synthesis of ketone 12. An acetonitrile solution of carbocation 2a (1 mol dm-3) 
was treated with an equimolar quantity of tetrabutylammonium fluoride in an 
argon atmosphere and was stirred for 30 min at room temperature. After this 
time, the solvent was evaporated, yielding ketone 12 as a blue solid. Ketone 12 
was strongly solvatochromic and it presented a pink colour in acetonitrile-
water 9:1.  1H NMR (400 MHz, CDCl3)  δ 7.33 (d, J = 9.0 Hz, 4H), 7.20 (d, J = 8.9 
Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 9.3 Hz, 4H), 3.26 (s, 12H). 13C NMR 
(101 MHz, CDCl3) δ 180.29, 156.27, 140.61, 138.97, 126.85, 117.73, 117.12, 114.84, 
112.62, 40.47.HRMS calcd.for C23H25N2O ([M+H]+) 345.1971, found 345.1967. 
 
Synthesis of ketone 13. A solution of 140 mg (0.31mmol) of carbocation 3a in 
methanol was treated with 97 mg (0.37 mmol) of TBAF  1 h. After this time, the 
solvent was evaporated, and the reddish solid was dissolved in EtOAc and 
washed with a NaHCO3 10% solution. The aqueous phase was then extracted 
with EtOAc, and the combined organic layers were then dried with NaCl (sat) 
and MgSO4. The solvent was evaporated, and NMR spectroscopy showed a 
quantitative formation of the desired product.1H NMR (300 MHz, CDCl3) δ 7.59 
(t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.6 Hz, 2H), 7.34 (d, J = 9.5 Hz, 2H), 7.24 - 7.20 (m, 
J = 8.4 Hz, 2H), 7.18 (d, J = 9.2 Hz, 2H), 7.07 (d, J = 9.2 Hz, 2H), 6.92 (d, J = 9.5 
Hz, 2H), 3.34 (s, 6H).13C NMR (75 MHz, CDCl3) δ 207.51, 176.63, 173.29, 141.51, 
140.17, 139.95, 134.87, 133.30, 129.56, 128.89, 128.42, 120.63, 114.78, 41.85. HRMS 
calcd.for C21H19NO ([M+H]+) 302.1545, found 302.1553. 
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General	  procedure	  for	  detection	  limit	  determinations	  in	  solution	  
To the corresponding receptor in acetonitrile or in water/acetonitrile (3:1 v/v, 
3 dm3) buffered with MES (1 x 10-1mol dm-3), increasing amounts of the 
corresponding simulant solution were added. The UV spectra were reordered 
in 1-cm path length cells at 20ºC (thermostatted). Representation of absorbance 
at the appropriate wavelength versus concentration of the simulant allowed the 
calculation of the detection limit. 
Membrane	  preparation	  
A mixture of Cs2CO3 (65 mg) and polyethylene oxide (5 g, Mw 400,000 Dalton) 
was slowly added to a solution of probe 1 (10 mg) in dichloromethane (40 mL). 
The mixture was stirred until polymer dissolution. Then, the solvent was 
partially evaporated until a high viscous mixture was formed. This mixture 
was poured into a glass plate (40 cm2) and kept in a dry atmosphere for 6 h. 
Aerosol	  phase	  measurements	  and	  detection	  limits	  in	  aerosol	  
A DFP solution (1% wt) or a DCNP solution (1% wt) was pulverised inside a 
round bottomed flask (5L) where the sensing film was placed. Each spray 
injected approximately 0.5 mg of nerve agent simulants.  
Interference	  studies.	  
In the typical experiments, 1,000 equiv. of (dimethoxyphosphinothioylthio) 
butanedioic acid diethyl ester (malathion), O-ethyl S-phenyl ethylphosphono-
dithioate (dyfonate), 1,1-Dichloro-2,2-bis(p-chlorophenyl)-ethane (4,4’-
DDD),1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (4,4’-DDE) gasoline or 
diesel were added to acetonitrile-water 9:1 v/v (buffered at pH 8.0 with 
Borax/HCl) the solutions of receptors 1-6 (1.0 x 10-5 mol dm-3). In all cases, no 
changes in colour were observed. Competitive studies were also carried out. 
For this purpose, nerve gas simulants DCNP and DFP were added to the 
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solutions containing interferents and a clear colour change from colourless to 
green with DCNP and to pink-purple with DFP was observed in all cases.  
Interference	  studies	  in	  the	  solid	  phase.	  
The corresponding membrane was placed into direct contact with gasoline and 
diesel exhaust gases (obtained directly from exhaust pipe emissions). In both 
cases, negligible colour changes were observed. The experiments with 
(dimethoxyphosphinothioylthio) butanedioic acid diethyl ester (malathion), O-
ethyl S-phenyl ethylphosphonodithioate (dyfonate), 1,1-Dichloro-2,2-bis(p-
chlorophenyl)ethane (4,4’-DDD),1,1-dichloro-2,2-bis(p-chlorophe-nyl)ethylene 
(4,4’-DDE) gasoline or diesel were carried out by placing the membrane into a 
closed flask saturated with the corresponding vapours. In addition, the studies 
with oxidants (O3, H2O2 and benzoylperoxide) were carried out following the 
same protocol described above. Changes of colour were not observed in any 
case. Finally, the studies done with NOx, SOx and CO were carried out by 
generating the corresponding gases and by injecting a measured amount into a 
5 L flask. At the concentrations of 50 ppm for NOx and saturated atmosphere 
for CO and SOx. (1,000 times the average value of their concentrations in more 
contaminated cities) no changes were observed in the membranes.  
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Abstract 
Two new aryl carbinols (1 and 3) have been synthesised and characterised and their 
ability as OFF-ON probes for the chromogenic detection of the nerve agent simulant in 
acetonitrile has been tested. In addition compound 2 has been also studied. The 
carbinols suffered a phosphorylation reaction followed by an elimination process 
giving rise to the corresponding carbocations. This transformation of the carbinol into 
the carbocation is responsible for a significant color change. 
Introduction 
The current increase in international concern in relation to criminal terrorism 
has brought about rising interest in the development of reliable detection 
techniques of chemical warfare (CW) agents. Among them, nerve agents are 
especially dangerous species and poisoning may occur through inhalation or 
consumption of contaminated liquids or foods.1 Chemically, nerve gases are 
highly toxic phosphoric acid esters, structurally related to the larger family of 
organophosphate compounds. The extreme toxicity of these compounds is due 
to their ability to bind primarily and rapidly to acetylcholinesterase (AChE) in 
the neuromuscular junction of the central nervous system.2 These 
organophosphates also have the ability to bind butyrylcholinesterase (BChE) in 
blood. The high vapour pressures of these nerve agents and their rapid effect 
on the central nervous system, combined with the low cost and unsophisticated 
technology required for production, make these compounds among the 
preferred choices for terrorists. For this reason, tools which combine reliability 
and rapidity of response for the detection of these lethal chemicals are strongly 
required. Thus, in addition to the detection systems based on enzymatic and 
physical methodologies3 the development of fluorogenic chemosensors or 
reagents, as an alternative to these classical methods, has gained interest 
recently.4 During the last years we have been involved in the design and 
synthesis of chromo-fluorogenic chemosensors for the detection of nerve 
agents.5  
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Scheme 1.  Mechanism of the chromogenic response of carbinols 1-3 in the presence of 
warfare agent simulants. 
During this research we have recently demonstrated that triarylcarbinols are 
suitable systems for detecting these reactive compounds.6 Triarylcarbinols can 
be converted into their corresponding carbocations being this reaction directly 
related to strong colour changes.7 The known reactivity of phosphate and 
phosphonate with hydroxyl groups, makes it possible the sensing mechanism. 
The sensing protocol is shown in Scheme 1.  
 
Scheme 2. Chemical structure of carbinols 1-3 and its correspondent carbocations 1a-3a 
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The hydroxyl group present in the carbinol (I) is able to experiment 
phosphorylation reactions with phosphonate substrates to form the 
intermediate II which experiments easily an elimination reaction giving rise to 
the corresponding carbocation (III). Transformation of I in III is concomitant 
with the formation of a highly delocalised system that is responsible for a 
significant colour modulation.  
Based in this protocol, we report herein the synthesis and characterization of 
three new carbinols (1-3) and their use as probes for the detection of nerve 
agents simulants (see Scheme 2). 
Experimental 
General procedures and materials. All reagents commercially available were 
used without purification. Silica gel 60 F254 (Merck) plates were used for TLC. 
1H and 13C NMR spectra were recorded with the deuterated solvent as the lock 
and residual solvent as the internal reference. High-resolution mass spectra 
were recorded in the positive ion mode on a VG-AutoSpec. UV-vis spectra 
were recorded using a 1 cm path length quartz cuvette. 
 
Synthesis of p-dimethylaminonaphthylideneketone (4). 4-Dimethyl-
aminobenzaldehyde (97%, 1.044 g, 6.79 mmol) and 2-acetylnaphthalene (1.160 
g, 6.79 mmol) were dissolved in EtOH (10 mL). Then NaOH (2 mL, 40% in 
water-EtOH (4:1)) was added to the mixture and then it was stirred overnight 
at room temperature. The reaction was poured over water (100 mL) to get an 
orange solid. The solid was dried in the oven at 60 ºC and recrystallized from 
MeOH to obtain 4 (1.2 g, 59%) as an orange solid. 1H NMR (300 MHz, d6-
acetone) δ 8.66 (d, J = 0.7 Hz, 1H), 8.02 (dd, J = 8.6, 1.8 Hz, 1H), 7.99 (dd, J = 7.0, 
1.4 Hz, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.86 (d, J = 7.9 Hz, 1H), 7.67 (s, 2H), 7.58 (d, 
J = 9.0 Hz, 2H), 7.50 (dqd, J = 8.5, 6.9, 1.6 Hz, 2H), 6.67 (d, J = 9.0 Hz, 2H), 2.93 
(s, 6H). 13C NMR (75 MHz, d6-acetone) δ 188.9, 152.8, 145.4, 136.9, 135.8, 133.3, 
130.9, 129.9, 129.8, 128.6, 128.5, 128.1,127.0, 124.9, 123.1, 116.7, 112.2, 39.7. 
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Synthesis of (E)-1,3-bis(4-(dimethylamino)phenyl)-1-(naph-thalene-2-
yl)prop-2-en-1-ol (1). N,N,N’,N’-tetramethylethylene-diamine (332 µL, 2.18 
mmol) was dissolved in ethyl ether (20 mL) under inert atmosphere. Then, n-
butyllithium (1.3M in hexane, 1.68 mL, 2.18 mmol) was added to the previously 
prepared solution and the mixture was stired for 45 to form the BuLi-TMEDA 
complex. Then 4-bromo-N,N-dimethylaminoaniline (451 mg, 2.18 mmol) in 
diethyl ether (10 ml) was added to the BuLi-TMDA complex. After 45 min. at 
room temperature, p-dimethylaminenaphthylidenketone (4) (327 mg, 1.09 
mmol) dissolved in THF (30 mL) was added to the and the mixture was stirred 
for 5 hours at room temperature. Then, the reaction was poured in water (100 
mL) and the aqueous phase was extracted with dichloromethane (3 × 20 mL). 
The organic phase was washed with brine (20 mL), dried with anhydrous 
MgSO4 and evaporate to give a yellow oil. The oil was stirred with hexane to 
afford 1 as a green solid (220 mg, 48%). m. p. 133ºC. 1H NMR (300 MHz, CDCl3) 
δ 7.91 (d, J = 1.7 Hz, 1H), 7.77 - 7.67 (m, 4H), 7.42 (dd, J = 8.6, 1.8 Hz, 1H), 7.40 - 
7.35 (m, 2H), 7.23 (dd, J = 8.9, 3.6 Hz, 4H), 6.62 - 6.57 (m, 5H), 6.46 (d, J = 15.9 
Hz, 1H), 2.87 (s, 6H), 2.86 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 150.6, 150.2, 
144.6, 134.7, 133.5, 132.8,131.8, 129.6, 128.7, 128.6, 128.1, 128.0, 127.9, 126.4, 
126.3, 126.3, 126.2, 125.7, 125.3, 112.8, 112.5, 79.9, 41.0. HRMS (EI): m/z calc. for 
C29H29N2 [M-OH]+: 405.2331 [M-OH]+ found: 405.2334. 
 
Synthesis of 1,1-bis(4-(dimethylaminephenyl-3-phenylprop-2-in-1-ol (2)8. 
Phenylacetilene (200 µL, 1.82 mmol) was dissolved in freshly distilled THF (15 
mL) and the solution was kept under inert atmosphere. Then, BuLi (1.32 M in 
hexane, 1.52 mL, 1.1 equiv.) was added to the solution and the mixture was 
stirred for 25 minutes. After this, 4,4’-bis(dimethylamine)benzophenone (488 
mg, 1.82 mmol) dissolved in dry THF (10 mL) was added at 0 ºC. The reaction 
was kept at room temperature overnight and then water (50 mL) was added to 
obtain a white-yellow solid. The product was purified by column 
chromatography on silica gel (hexane:ethyl acetate:Et3N 8:3:1) to yield 2 (296 
mg, 44%). 1H NMR (300 MHz, acetone) δ 7.39 - 7.30 (m, 6H), 7.27- 7.21 (m, 3H), 
6.56 (d, J = 9.0 Hz, 4H), 2.77 (s, 12H). 13C NMR (75 MHz, acetone) δ 150.3, 135.2, 
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132.0, 131.7, 128.9, 128.6, 127.3, 112.2, 94.7, 85.2, 73.7, 40.2. HRMS (EI): m/z calc. 
for C25H27N2O [M+H]+: 371.2123 [M+H]+ found: 371.2119. 
 
Synthesis of (E)-3-(4-(dimethylamine)phenyl-1-(naphthalene-2-yl)prop-2-en-
1-ol (3). p-Dimethylaminenaphthylideneketone (4) (50 mg, 0.166 mmol) was 
dissolved in MeOH (10 mL). Then, NaBH4 (63 mg, 1.66 mmol) was added in 
small portions to this solution and the mixture was stirred at room temperature 
overnight. Finally, water (20 mL) was added to the solution and it was 
extracted with dichloromethane (3 × 20 mL). The organic phase was washed 
with brine (20 mL), dried with anhydrous MgSO4 and evaporated to give 3 as a 
dark oil (47 mg, 93%). 1H NMR (300 MHz, acetone) δ 8.02 (d, J = 0.7 Hz, 1H), 
7.93 - 7.86 (m, 3H), 7.66 (dd, J = 8.6, 1.7 Hz, 1H), 7.49 (pd, J = 6.8, 1.8 Hz, 2H), 
7.32 (d, J = 8.8 Hz, 2H), 6.74 - 6.65 (m, 3H), 6.33 (dd, J = 15.8, 6.8 Hz, 1H), 5.57 
(d, J = 6.8 Hz, 1H), 4.76 (s, 1H), 2.89 (s, 6H). 13C NMR (75 MHz, acetone) δ 150.7, 
142.9, 134.0, 133.3, 130.4, 128.9, 128.4, 128.3, 128.1, 127.9, 126.4, 126.0, 125.6, 
125.6, 124.9, 112.8, 75.3, 40.1. HRMS (EI): m/z calc. for C21H20N [M-OH]+: 
286.1590 [M-OH]+ found: 286.1596. 
 
General procedure for Detection-limit Determinations. To the corresponding 
carbinol dissolved in acetonitrile, increasing amounts of the corresponding 
simulant solution (DFP and DCNP) were added. UV-visible spectra were 
recorded in 1 cm path length cells at 20ºC (thermostated). Representation of 
absorbance at the appropriate wavelength versus concentration of the simulant 
allows the calculation of the detection limits.  
 
Regeneration experiments. 10 µL of DCNP were added to 10 mL of a 9.0 x 10-4 
mol dm-3 solution of carbinol 3 in H2O/MeCN (99/1) and the solution was kept 
stirring at room temperature during 2 minutes. After this time the UV 
spectrum of the solution was registered. Then 1M TBAOH in MeOH was 
added until the solution fades. The solution was kept stirring for 30 seconds 
and then the process was started again.  
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Results and discussion 
Compounds 1-3 were prepared following the pathways described in Scheme 3. 
For the preparation of 1 and 3, first 4-(N,N-dimethylaminino)benzaldehyde 
was condensed with 2-acetylnaphthalene in order to obtain the intermediate 
ketone 4.9 The reaction of this ketone with 4-(N,N,-
dimethylamino)phenyllithium yielded compound 1(48%),10 whereas reduction 
of the same ketone allowed us to obtain compound 3 with 93% yield. Finally, 
derivative 2 was prepared from 4,4’-bis(dimethylamino)-benzophenone by 
reaction with lithium phenylacetilure (44%).11 
 
Scheme 3. Synthetic procedure for the preparation of carbinols 1-3 
The prepared compounds 1-3 can be converted in their corresponding cations 
1a-3a (see Scheme 2) by reaction with perchloric acid. Table 1 shows the 
absorption bands observed for these compounds in acetonitrile. As can be seen 
the transformation of the carbinols in the corresponding carbocation results in 
a significant bathochromic shift. Thus, whereas the carbinols show absorption 
maxima in the UV zone (i.e. λmax = 274, 266, 284 nm for 1, 2 and 3, respectively), 
the corresponding carbocations display absorption bands in the visible range 
(i.e. 715, 689 and 510 nm for 1a, 2a and 3a, respectively). Moreover, the 
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trisubstituted cations 1a and 2a show absorption bands at longer wavelengths 
than cation 3a which only contains two aromatic substituents. 
Table 1. Maxima of the UV-visible spectra of carbinols 1-3 and their corresponding 
carbocations 1a-3a in acetonitrile (1.0 x 10-5 mol dm-3). 
Probe 1 2 3 1a 2a 3a  
λ(nm) 274 266 284 715 689 510  
 
Signalling studies were carried out with diethylcyanophosphonate (DCNP) 
and diisopropylfluorophosphate (DFP) in acetonitrile (see Scheme 4 for its 
structures). Arising from the high toxicity of the nerve agents, Sarin, Soman 
and Tabun,12 the related compounds DFP and DCNP have been typically used 
as models for the design of indicators and sensing systems, as they have similar 
reactivity but lack their acute toxicity. Initially studies were carried out with 
compound 1 in acetonitrile (1.0 x 10-5 mol dm-3) which displays an absorption 
band at 274 nm. 
 
Scheme 4. Chemical structure of nerve agents (sarin, soman and tabun), its simulants (DFP 
and DCNP) and the organophosphonates used for the interference assay 
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The addition of DFP or DCNP to acetonitrile solutions of 1 resulted in the 
appearance of a new absorption band at 715 nm (Figure 1) and colour 
modulation from colourless to blue. The observed results are fully consistent 
with the phosphorylation and subsequent elimination shown in Scheme 1. 
Nearly the same spectroscopic behaviour was observed upon addition of DFP 
and DCNP to acetonitrle solutions of carbinols 2 and 3, namely the apparition 
of a red shifted absorption band (689 and 510 nm for 2 and 3 respectively) due 
to the formation of the correspondent carbocation (data not shown). These red 
shifted absorptions were the responsible of the colour changes observed with 
probe 2 (colourless solution of this carbinol turned green-blue upon addition of 
DFP and DCNP, see Figure 2), and with carbinol 3 (the colourless initial 
acetonitrile solution turned pink upon addition of both simulants, data not 
shown). 
 
Fig. 1. UV-visible spectra of carbinol 1 alone and in the presence of 100 equiv. of DCNP  in 
acetonitrile (1.0 x 10-5 mol dm-3) 
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Fig. 2. Colour changes observed for probe 2 (1.0 x 10-5 mol dm-3) in acetonitrile upon 
addition of 100 equivalents of DCNP (middle) and 100 equivalents of DFP (right) 
In a second step, and in order to evaluate the applicability of these carbinols for 
the detection of nerve agent simulants, the limits of detection (LOD) for the 
three carbinols were determined. At this respect, LOD for probes 1, 2 and 3 in 
the presence of DCNP and DFP are summarized in Table 2. Compounds 2 and 
3 showed lower LOD values for DCNP than for DFP in agreement with the 
trend observed using other chromoreagents.4c,5a However, this tendency was 
the opposed for compound 1. Moreover, it is also evident form Table 2 that 
trisubstituted carbinols (i.e. 1 and 2) gave lover detection limits than the 
corresponding disubstituted carbinol 3. Finally, it is also apparent from Table 2 
that lower detection limits were observed for probe 1 when compared with 2 
and 3. 
Finally, the reactivity of carbinols 1- 3 with other organophosphorous 
compounds (OP1-OP4) (C = 250 equiv.) shown in Scheme 4 was studied in 
acetonitrile. In all cases, the solutions of carbinols 1-3 remained colorless, which 
indicated that no reaction occurred between them and these phosphate 
derivatives. The lack of response of carbinols 1-3 in the presence of OP1-OP4 is 
clearly related with the absence of a good leaving group in the structure of the 
latter. The impossibility of phosphorylation reaction precludes the formation of 
the highly coloured carbocations 1a-3a. 
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Table 2. Limit of detection, LOD (ppm) and kinetic data for probes 1-3 with DCNP and 
DFP (1.0 x 10-5 mol dm-3 in acetonitrile) 
Probe Simulant Detection 
limit 
(ppm) 
k (s-1) t1/2 
(s) 
1 
DFP 35 0.0230 30.2 
DCNP 85 0.0144 48.2 
2 
DFP 264 0.0025 277.3 
DCNP 165 0.0026 266.6 
3 
DFP 1700 0.0013 533.2 
DCNP 268 0.0010 693.2 
 
 
Fig. 3.  Changes in the absorbance band (visible zone) vs. time for carbinols 1-3, in 
acetonitrile (1.0 x 10-5 mol dm-3), upon addition of 100 equiv. of  DCNP 
To achieve a better understanding of the reaction, studies of the reactivity of 
compounds 1-3 in the presence of the mimics DCNP and DFP in acetonitrile 
solutions, by using an excess of the corresponding simulant to ensure to be 
under pseudofirst order conditions, were carried out. Monitorization of the 
changes in the absorbance intensity of the carbocation band and the plotting of 
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ln[(A0-A)/A0] versus time (being A0 the final absorbance, and A the absorbance 
at a given time), allowed us the determination of the rate constant (k) and the 
half time (t1/2 = ln2/k) for the corresponding reaction of the nerve-gas 
simulants with the probes. For example, the absorbance changes at the UV/Vis 
band maximum for acetonitrile solutions of probes 1, 2 and 3 in the presence of 
DCNP is shown in Figure 3. The kinetic data are summarized in Table 2. The 
obtained data showed that the reaction of the simulants DCNP and DCP with 
probe 1 is quicker than with 2 and 3. 
The detection of DCNP or DFP using compounds 1, 2 and 3 follow a 
chemodosimeter approach in which the presence of the analyte is signalled 
through a specific chemical reaction between dosimeter molecule and the target 
species, leading to the formation of a fluorescent or coloured product. An 
advantage of this approach is the remarkable selectivity usually achieved, 
however a disadvantage of dosimeters is that in most cases the reactions are 
irreversible and thus provide only single-use assays. However, in certain 
circumstances, it is possible to take advantage of the favourable features of 
chemodosimeters and also reuse them. 
One particular feature of the formation of arylcations from the corresponding 
arylcarbinols is that the process can be reversed and it has been reported that in 
the presence of hydroxide the arylcarbinol derivatives could be retrieved.13 
Therefore the attractive possibility of attaining re-usable colorimetric probes 
was tested via recuperation of the sensing arylcarbinol by reaction of the 
arylcation derivative with basic solutions. Thus, after having accomplished the 
reaction between the probes 1-3 and the simulants, the carbinols obtained (1a-
3a) were treated with TBAOH. Upon this treatment, the probes 1-3 were fully 
regenerated and could be used for another measurement. Taking this reaction 
into account the possible use of the prepared chemodosimeter in subsequent 
sensing cycles has been explored. Figure 4 shows the absorbance at 510 nm for 
probe 3 in the presence of DCNP after successive regeneration cycles. 
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Fig. 4  Absorbance of the 510 nm band upon consecutive exposure of probe 3 to DCNP in 
acetonitrile. After each reaction probe 3 is retrieved by treatment of the corresponding 
carbocation 3a with TBAOH 
After 10 cycles probe 3 is still able to display colour modulations in the 
presence of nerve agent simulants. The same regeneration cycles were applied 
to carbinols 1 and 2 and are also able to display colour modifications upon 
addition of DCNP (data not shown). 
Conclusions 
In summary, a family of new reagents for the chromogenic detection of nerve 
agent simulants has been prepared. The sensing protocol relies in the reactivity 
of the nerve agent simulants with arylcarbinols to produce, upon 
phosphorylation and elimination, the corresponding highly coloured 
arylcations. Additionally the synthesis of the arylcarbinols is easy and the 
approach is highly modular bearing in mind that a number of chemical 
modifications can be carried out on the probes that might result in a 
modulation of their reactivity with the nerve agent simulants and also a 
modulation in the chromogenic response. In all cases the reaction of the probes 
with the nerve agent mimics result in remarkable off-on chromogenic 
behaviours. It is also noteworthy that these reagents react only with DFP and 
DCNP that show close chemical structures to Sarin, Soman and Tabun, 
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whereas they do not react with other organophosphorous derivatives such as 
OP1-OP4. Moreover the fact that the probes retain their signaling ability upon 
regeneration with TBAOH is an additional issue of interest. 
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Chapter 5. Detection of AC-type chemical warfare 
agents: blood agents 
5.1. Introduction 
Cyanide is widely used in synthetic fibres and herbicides production, in the 
petrochemical and gold mining industries, and also in photography, jewellery 
and steel manufacturing. It is also utilised in paper, textile and plastic 
manufacturing processes. The combustion of these materials produces fumes 
that contain cyanide, as well as cigarrete smoke. 
Cyanide can also be released from natural substances found in some foods and 
plants, such as limes, beans and almonds. Seeds of several fruits, e.g., apples, 
peaches and apricots, contain chemical compounds that release cyanide when 
metabolised. 
The cyanide anion is considered an extremely hazardous chemical for 
physiological systems. Intoxication can happen by ingestion or absorption 
through skin. Its toxicity mechanism is related to its binding to the active site of 
cytochrome oxidase, with the subsequent inhibition of the mitochondrial 
electron-transport chain.[ 205 ] This leads to cytotoxic hypoxia and cellular 
asphyxiation. The anaerobic metabolism induced by cyanide leads to an 
accumulation of lactate in blood. The combined effects of hypoxia and lactate 
acidosis disturb the central nervous system and result in respiratory arrest and 
death.[206] 
HCN as terror weapon 
Moreover, the gaseous form of cyanide (hydrogen cyanide) is also a concern 
since it is categorised as chemical warfare under the blood agents category 	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(AC). It was used in World War II as a weapon of mass destruction (under the 
name of Zyklon B) and was used for Reverend Jim Jones “People’s Temple’s” 
mass suicide in Guyana in 1978.[ 207 ] Cyanide was injected into painkiller 
capsules to randomly kill people in the Tylenol murders at Chicago[208] (still to 
be resolved) and may have been used against the inhabitants of Halabja 
(northern Iraq) in the Iran-Iraq conflict in the 1980s.  The toxic effect of 
hydrogen cyanide depends on both the concentration of cyanide in inhaled air 
and duration of exposure. Exposure to 140 ppm for 60 minutes or to 1500 ppm 
for 3 minutes has an estimated to produce 50% mortality (LCt50 2500-500 
mg/min/m3). These facts, together with easiness of preparation, make it 
potentially dangerous because it can be used as a terror weapon.[209] 
Detection methods for cyanide 
Detection of cyanide in liquid samples has been achieved by several methods, 
including electrochemical sensors,[210] polymers,[211] gold nanoparticles,[212] CdSe 
quantum dots,[213] and metal ion coordination. [214] However, given their often 
complex and time-consuming nature, and the fact that some rely on certain 
instrumentation, the utilisation of such methods is limited. Thus, other less 
complex methods, like fluorogenic and chromogenic chemosensors or 
chemodosimeters, have proven more convenient thanks to their simplicity, 
selectivity, specifity and inexpensive nature.[215] Among these advantages, the 
possibility of “naked-eye” detection, without the use of expensive non-portable 	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devices, is most interesting. Nevertheless, most reported chemodosimeters do 
not show selectivity for cyanide anion in the presence of HS-, which is one of 
the most important interferents. The number of references on hydrogen cyanide 
gas detection is even scarcer.[216] 
In order to design a probe capable of overcoming this lack of selectivity, we 
made full use of our experience in triarylcarbocations as chemodosimeters for 
nerve agents.[217] The use of the high reactivity of a cyanide anion towards 
electropositive polarised carbon atoms has been the most widely used strategy 
to design chromo-fluorogenic chemodosimeters for this species.[ 218 ] The 
electrophilicity of triarylcarbocations can be fine tuned by modifying the 
functional groups attached to aromatic rings. The correct choice of functional 
groups can lead to a carbon centre with suitable electrophilicity for the cyanide 
anion, but not for other potential interferents. Thus, we synthesised and 
evaluated the sensing properties of compounds 5.1 and 5.2 (see Figure 5.1) 
versus the CN- anion in organic and aqueous samples. 
 
Figure 5.1. The chemical structures of compounds 5.1, 5.2 and p-quinomethane (rightmost). 
Blue spots indicate the location of the electrophilic binding site for CN-. Blue arrow 
indicates the direction of the internal charge transfer. 
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Compounds 5.1 and 5.2 are p-quinomethane derivatives replaced with aryl 
units. The central carbon atom is electrophilic and is susceptible to being 
attacked by a cyanide anion in a Michael addition-like reaction. The aryl 
groups were carefully chosen to yield the very selective 5.1 and the very 
reactive 5.2. 
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5.2. Objectives 
The main goal of this chapter was to design, synthesise and evaluate a new 
chemodosimeter for the detection of blood agents HCN and CN-. Specifically, 
the aims were to: 
 
·Design and synthesise a chemosensor capable of signalling the presence of CN- 
in aqueous solutions. 
  
·Tune the properties of chemosensors and achieve selectivity towards HS-. 
 
·Evaluate the optical response of compounds. 
 
·Develop a solid support for the immobilisation of chemosensors that allows 
detection in the gas phase. 
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5.3. Selective and sensitive chromogenic detection of 
cyanide and HCN in solution and in gas phase 
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Two triphenylmethane based chemodosimeters for a selective and chromogenic 
sensing of cyanide anion in aqueous environments and of hydrogen cyanide in gas 
phase were prepared and studied. 
Cyanide anion is considered an extremely hazardous chemical for 
physiological systems. Intoxication can happen by swallow or absorption 
through the skin. The toxicity mechanism is related to its binding to the active 
site of cytochrome oxidase and the subsequent inhibition of the mitochondrial 
electron-transport chain.1 However, cyanide is commonly used in the synthetic 
production of certain fibers and herbicides, in the petrochemical and gold 
mining industries, in photography, in jewelry and in steel manufacturing. On 
the other hand, the gaseous form of cyanide (hydrogen cyanide) is also of 
concern. In fact HCN is categorized as a chemical warfare under the class of 
blood agents (AC) and it was used in the Second World War as a weapon of 
mass destruction under the name of Zyklon B. Even at present its easiness of 
preparation and acute toxicity makes this product potentially dangerous as 
terror weapon.2  
Detection of cyanide in liquid samples has been achieved by means of several 
methods. These include electrochemical sensors,3 polymers,4 gold 
nanoparticles,5 CdSe quantum dots,6 systems based on metal ion coordination,7 
and organic fluorogenic and chromogenic probes.8 Among these methods, 
colorimetric chemosensors are of special interest because of their relative low 
cost, selectivity and the possibility of “naked-eye” detection, without the use of 
expensive non portable devices. Nevertheless, it is apparent from the literature 
that many reported chromogenic chemosensors for cyanide anion also display 
sensing features for HS- which is one of the most important interferents in the 
design of probes for cyanide. Besides, the number of probes for the selective 
detection of hydrogen cyanide in gas phase is scarce.9 
The use of the high reactivity of cyanide anion towards electropositive 
polarized carbon atoms is one of the strategies used in the design of chromo-
fluorogenic chemosensors for this anion.10 Based in this general concept, and in 
order to design a probe able to overcome the lack of selectivity described 
above, we took advantage of our experience on the use of triarylcarbocations as 
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chemodosimeters.11 In fact triarylcarbocations have been widely used due to 
their straightforward synthesis and their well-known spectroscopic 
properties.12 Besides, the electronic properties of triarylcarbocations can be 
tuned by modifying the functional groups attached to the aromatic rings in 
order to designing systems bearing a carbon center with a suitable 
electrophilicity for the selective signaling of cyanide.13 Taking into account 
these concepts we synthesized and tested a certain number of 
triarylcarbocation derivatives as potential colorimetric probes for cyanide. As a 
result of this research we report herein the synthesis, characterization and 
behavior as probes of compounds 1 and 2 (Scheme 1). 
 
Scheme 1. (Top) chemical structures of 1 and 2 and their products upon reaction with 
cyanide anion (3 and 4). (Bottom) synthesis of 1 and 2. 
Chemodosimeters 1 and 2 were synthesized by lithiation of 4-bromophenol 
with two equivalents of butyl lithium, and subsequent addition of the Michler’s 
ketone (5) or 4-dimethylaminobenzophenone (6), respectively. Acidic work-up 
was used to force dehydration of the carbinol to give rise to the desired 
compounds (see Scheme 1). 
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The chromogenic behavior of probe 1 was first tested in acetonitrile upon 
addition of selected anions (F-, Cl-, Br-, CN-, HS-, SCN-, AcO-, and HPO42-). 
Acetonitrile solutions of 1 (1.0 x 10-5 M) showed an intense absorption band at 
507 nm. Of all the anions tested, only cyanide was able to induce the 
disappearance of the 507 nm band concomitantly with the growth of a new 
absorption centered at 272 nm (color change from orange-red to colorless). In 
order to clarify the sensing mechanism, the colorless derivative (obtained by 
reacting 1 with KCN in acetonitrile at 70ºC) was isolated. The reaction product 
was unambiguously identified, by IR, 1H and 13C NMR and HRMS, as 
compound 3 (see Scheme 1 and Supporting Information). Nucleophillic attack 
of cyanide anion to the central electron deficient carbon atom of 1 yielded the 
non-conjugated colorless derivative 3. 
 
Figure 1. UV-visible of chemodosimeter 1 in water (borax buffer, pH 10.6, 1% acetonitrile) 
in the absence and in the presence of cyanide anion. 
Encouraged by the selective response observed with 1 in acetonitrile, and in 
order to test the applicability of this probe for the chromogenic detection of 
cyanide anion in a more realistic medium, UV-visible studies in water at pH 
10.6 (borax buffer, 1% acetonitrile) were carried out. This pH was selected to 
have hydrogen cyanide in its anionic CN- form in order to enhance its 
nucleophilicity in water (96% of hydrogen cyanide is in the form of CN- at this 
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pH). In particular 1 showed an intense absorption band at 563 nm in this 
medium which losses intensity with time upon the addition of CN- (see Figures 
1). Addition of F-, Cl-, Br-, SCN-, AcO-, and HPO42- (1000 eq.) induced negligible 
changes whereas HS- was able to give a very moderate reduction in the 
intensity of the 563 nm band (see Supporting Information). Besides, whereas 
bleaching in the presence of cyanide in acetonitrile was instantaneous, in water 
a full decoloration was only found after ca. 8 h. This slower reaction of CN- 
with 1 in water, when compared with acetonitrile, is a clear consequence of a 
loss of the nucleophilic character of this anion by solvation. Figure SI-2 (see 
Supporting Information) shows the time-dependent decrease of the absorption 
band at 563 nm for 1 in the presence of CN- and HS- anions. The data shown in 
the figure allowed us to obtain the rate constants (k) for the reaction of 1 with 
CN- (0.513 h-1) and HS- (0.021 h-1) anions in water (first-order kinetics were 
considered). In summary, whereas probe 1 displayed a selective response to 
CN- the reaction was too slow to be suitable for real applications. Similar 
studies in water (borax buffer, pH 10.6, 1% acetonitrile) in the presence of 
selected anions (F-, Cl-, Br-, CN-, HS-, SCN-, AcO-, and HPO42-) were carried out 
with probe 2. For both receptors, the addition of CN- and HS- induced an 
immediate bleaching (disappearance of the visible bands at 583 nm) whereas 
other anions tested were unable to induce any optical modulation. Compared 
with 1, probe 2 displayed a very remarkable faster response, but differentiation 
between CN- and HS- was still not reached. 
Besides, in order to advance in the characterization of the probes and in 
attempt to obtain a selective sensing response to cyanide, we realized that an 
interesting reported feature of leuco cyanides (such as products 3 and 4 
obtained upon CN- addition to probes 1 and 2, see Scheme 1) was their 
possibility to undergo a photoionic dissociation under irradiation with UV 
light.14 The several published studies concerning the nature and the mechanism 
of this reaction pointed to an heterolytic rupture of the C-CN covalent bond as 
a key step. Bearing in mind this property, we tested this photochemical process 
in derivatives 3 and 4 in order to assess the potential regeneration of probes 1 
and 2. Thus when colorless solutions containing 3 and 4 in water (borax buffer, 
pH 10.6, 1% acetonitrile) were irradiated with an UV lamp (50 w) at 254 nm for 
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2 min, a clear recovery of the color corresponding to probes 1 and 2 were 
observed. Moreover we also observed that this reversible reaction does not 
occur in the derivatives obtained by reaction of 1 and 2 with SH-. This simple 
procedure (UV irradiation) allowed both (i) the regeneration of the probes and 
(ii) the unambiguous discrimination of CN- from SH- (see Scheme 2 and Figure 
SI-3). Finally in order to complete the characterization of the probes, the 
changes in absorbance of the visible band for 1 and 2 upon addition of 
increasing quantities of CN- anion were measured.  
 
Scheme 2. Selectivity paradigm for double chromogenic probes 1 and 2. Both probes, after 
being blanched by HCN, are recovered, and the color restored, by irradiation for 2 min. 
under a UV lamp. 
From the titration profiles, limits of detection of 165 and 300 ppb for 1 and 2 
were determined. These values are well down the minimum amount of CN- 
allowed in drinking water by the EPA (800 ppb).15 
Once assessed the selective chromogenic response toward CN- anion in water, 
probe 1 was selected for detection of HCN in gas phase. In particular 1 was 
adsorbed onto an aminated basic silica support and the test strip placed in a 
box containing HCN. As a representative response Figure 2 shows the changes 
in color observed for spots containing 5.00, 0.50 and 0.05 nmol of 1 in the 
presence of HCN (50 ppm) after 20 min. 
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Using this simple procedure a limit of detection for HCN of 2 ppm in air was 
achieved. This limit of detection is far below the concentration at which HCN 
becomes dangerous. In fact concentration of HCN in air of 50 ppm can be 
tolerated by the average population for 20 minutes (1 hour without latter 
effects) while 546 ppm is fatal for a period of 10 minutes.16 
 
Figure 2. Sensing strips containing different amounts of 1 (from top to bottom: 5.00, 0.50 
and 0.05 nmol) adsorbed onto an aminated silica support before (left) and after (right) 
exposure to 50 ppm of HCN. 
The response of these sensing strips to other gases was also tested. In particular 
no color changes were observed in the presence of typical organic vapors (such 
as aliphatic and aromatic hydrocarbons from diesel or gasoline fuel). No color 
changes were neither evident in the presence of H2O. Moreover color 
modulations were also studied in the presence of acidic and basic gases; i.e. 
HCl, NH3, and H2S at a concentration of 60 ppm. As it can be observed in 
Figure 3 HCl and NH3 vapors were unable to change the color of the spots of 1, 
whereas the violet color of 1 turned blue in the presence of H2S. From all the 
gases tested only HCN was able to induce bleaching of 1. 
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Figure 3. Color changes observed with test strips of 1 at two different concentrations (25 
and 2.5 µmol/cm2) in the presence of selected gases (60 ppm) after 30 min. The figure 
shows images generated from RGB values obtained from the strips using a commercial 
desk scanner 
Conclusions 
In summary, we have studied the use of two triarylmethane based 
chemodosimeters for the chromogenic recognition of CN- anion in aqueous 
medium and HCN in gas phase. The chromogenic response arises from a 
nucleophilic addition of CN- anion to the central electron deficient carbon atom 
of the probes yielding a colorless leuco form. Compared with 1, probe 2 
displayed a very remarkable fast response yet similar color changes were 
found for CN- and HS-. Besides differentiation between these two anions could 
easily be achieved by UV irradiation that resulted in the formation of the 
former probe only for the product obtained with cyanide. A remarkable limit of 
detection of 165 and 300 ppb for CN- in water was achieved when using probes 
1 and 2, respectively. Moreover probe 1 adsorbed on an aminated silica was 
successfully used for the selective detection of HCN in gas phase with a limit of 
detection of 2 ppm. 
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Chapter 6. Monitorització electrònica de gasos 
basada a la tecnologia quimiosensora 
(Electronic gas monitoring based on chemosensory technology) 
6.1. Introducció 
Els detectors de gasos s'han convertit en aparells imprescindibles avui en dia a 
causa de l'augment de la manipulació dels gasos i la perillositat que impliquen. 
Els riscos relacionats amb els gasos es poden classificar en tres categories 
principals: risc d'intoxicació per gasos tòxics; risc d'explosió per gasos 
inflamables; risc d'inflamabilitat per enriquiment d'oxigen o asfíxia per 
desplaçament d'oxigen. Aquest últim punt és molt important quan es treballa a 
espais reduïts, on es pot produir l'alliberament de certs gasos. Això demostra 
com fins i tot una fuga de gasos inofensius, com pot ser diòxid de carboni, argó, 
heli o nitrogen, pot arribar a ser mortal ja que poden desplaçar tot l'oxigen de 
sobte.[219,220] 
El nas humà és capaç de detectar la presència de certes quantitats d'alguns 
gasos. Per exemple, el sulfur d'hidrogen a concentracions baixes pot ser 
percebut pels éssers humans a causa de la seva olor típica a ous podrits. No 
obstant això, en augmentar la concentració d'aquest gas, el nas deixa de ser 
sensible i amb el conseqüent desastre que això pot produir.[221] D’ací pues, la 
importància de la utilització de detectors de gas. 
Un detector de gasos és un sistema dissenyat per detectar concentracions de 
gasos perilloses, activar les alarmes i activar les contramesures. Els sensors de 
gasos s'utilitzen a la producció industrial, la indústria de l'automòbil, 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
219 B. P. Sahli, C. W. Armstrong. J. Occup. Med., 1992, 34, 910. 
220 a) J. R. Gill, S. F. Ely, Z. Hua. Am. J. Forensic Med. Pathol., 2002, 23, 26; b) Killer lakes. BBC News, 2005.  Available 
online: http://www.bbc.co.uk/science/horizon/2001/killerlakes.shtml . (accessed on 16 October 2014).  
221 A. Singh, B. R. Sharma. J. Punjab Acad. Forensic Med. Toxicol., 2008, 8, 26. 
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aplicacions mèdiques, vigilància de la qualitat de l'aire tant a interiors com a 
estudis ambientals.[222] 
Al mercat actual es poden trobar diferents tecnologies per a la detecció de 
gasos. Les més utilitzades són sensors electroquímics[223]  i amperomètrics[224], 
càpsules catalítiques,[225] sensors puntuals d’infraroig,[226] sensors ultrasònics de 
flux,[227] semiconductors  i detectors de tall de trajectòria.[228] 
Aquestes tecnologies han demostrat ser adequades per a la detecció d'un ampli 
espectre de gasos, i són, de fet, emprades en entorns industrials, aparcaments, 
soterranis, etc, però, malgrat la seva fiabilitat, reproductibilitat i eficiència, la 
majoria d'aquestes tecnologies presenten grans inconvenients, com la manca de 
selectivitat i especificitat, que pot conduir a la generació de falsos positius. Per 
exemple, els sensors electroquímics de gas es basen en les propietats redox del 
gas que es va a mesurar. 
Així, els sensors electroquímics per a HCN, HCl o NH3 mostren alta 
interferència en presència de H2S, Cl2, NO2 i SO2,[229] així com hidrocarburs i 
vapors de dissolvents orgànics,[230] i altres sensors com els de càpsula catalítica 
els quals, produeixen respostes similars front a la majoria de gasos 
combustibles. 
A les últimes dècades, els sensors químics òptics s'han convertit potencialment 
en una nova alternativa per a aquests detectors electrònics.[231] 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
222 X. Liu, S. Cheng, H. Liu, S. Hu, D. Zhang, H. Ning. Sensors, 2012, 12, 9635. 
223 U. Guth, W. Vonau, J. Zosel. Meas. Sci. Technol., 2009, 20, 042002. 
224 J. R. Stetter. Chem. Rev., 2008, 108, 352−366. 
225  a) Catalytic Bead, General Monitors. Available online: http://www.generalmonitors.com/Gas-
Detectors/Catalytic-Bead-Sensors/p/000140006500003053 (accessed on 18 September 2014); b) Catalytic Bead, 
DrägerSensors. Available online: http://www.draeger.com/sites/en_uk/Pages/Chemical-Industry/Catalytic-
Bead-DraegerSensors.aspx (accessed on 18 September 2014) 
226 a) Telaire 7000 Series, Veronics Instruments Inc. Available online:  http://www.veronics.com/products/infrared-
gas-sensing/ (accessed on 18 September 2014); b) IR400 Point IR Gas Detector, General Monitors. Available online: 
http://www.generalmonitors.com/Gas-Detectors/IR400-Point-IR-Gas-Detector/p/000140006500001025 (accessed 
on 18 September 2014) 
227  Morgan Advanced Materials. Available online: http://www.morganelectroceramics.com/products/sensors-
transducers/sensors/ultrasonic-flow-sensors/flow-sensors-for-utilities-management/ (accessed on 18 September 
2014) 
228 IR5500 Open Path Infrared Gas Detector, General Monitors. Available online: 
http://www.generalmonitors.com/Gas-Detectors/IR5500-Open-Path-Infrared-Gas-
Detector/p/000140006500001011 (accessed on 18 September 2014) 
229 Corporate Health and Safety: Managing Environmental Issues in the Workplace. E. George, ed. (1996, Ergonomics 
Inc., Southampton).  
230 C. C. Austin, B. Robergeb, N. Goyerb. J. Environ. Monit., 2006, 8, 161. 
231 Optical Sensors: Industrial, Environmental and Diagnostic Applications. (Springer Series on Chemical Sensors and 
Biosensors Vol. 1) R. Narayanaswamy, O. S. Wolfbeis, eds. (2004, Springer, Berlin-Heidelberg) 
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La detecció del sensors químics es basa en el reconeixement químic d’espècies, 
produïnt una resposta en presència de l'analit desitjat. Els sensors químics 
òptics, com s'ha vist als capítols anteriors, són un tipus de sensors químics que 
tenen la particularitat de produir un esdeveniment òptic en presència de 
l'espècie a ser detectada. L'esdeveniment òptic pot ser colorimètric o 
fluorimètric. Generalment, els sensors químics dissenyats per detectar gasos 
estan dipositats en materials sòlids, com ara pel·lícules polimèriques o de 
paper. El gas a mesurar es sotmet a una reacció química amb els sensors òptics, 
que poden intensificar o modular el seu color, o inclús, els sensors químics 
fluorescents, poden intensificar o cancel·lar la seva fluorescència. La magnitud 
d'aquest canvi és sovint proporcional a la concentració del gas. 
 
Així, diferent grups d'investigació han dissenyat quimiosensors que son 
selectius i específics per a una amplia varietat de gasos (e.g. gasos com CO,[232] 
CO2,[233] alquilamines i tiols,[234] NH3,[235] compostos nitroaromàtics,[236] NOx,[237] 
O2,[238] HCN,[239] alcohols,[240] aldehits,[241] organofosfats[242] i organofosfonats[243]). 
No obstant això, la majoria de les publicacions sobre aquests sensors químics 
han demostrat el seu funcionament solament en aparells de mesura de 
laboratori, habitualment cars i no portàtils, com ara espectrofotòmetres UV-vis 
o fluorímetres. L'escassetat d’instrumentació específica barata capaç de 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
232 J. Esteban, J. V. Ros-Lis, R. Martínez-Máñez, M. D. M. Marcos, M. Moragues, J. Soto, F. Sancenón. Angew. Chem. Int. 
Ed. Engl., 2010, 49, 4934. 
233 a) Y. Liu, Y. Tang, N. N. Barashkov, I. S. Irgibaeva, J. W. Y. Lam, R. Hu, D. Birimzhanova, Y. Yu, B. Z. Tang. J. Am. 
Chem. Soc., 2010, 132, 13951; b) Z. H. Pan, G. C. Luo, J. W. Zhou, J. X. Xia, K. Fang, R. B. Wu. Dalton Trans., 2014, 43, 
8499.; c) Z. Guo, N. R. Song, J. H. Moon, M. Kim, E. J. Jun, J. Choi, J. Y. Lee, C. W. Bielawski, J. L. Sessler, J. Yoon. J. 
Am. Chem. Soc., 2012, 134, 17846. 
234 C. J. Liu, J. T. Lin, S. H. Wang, J. C. Jiang, L. G. Lin. Sensors Actuat. B-Chem., 2005, 108, 521; b) J. V. Ros-Lis, R. 
Martínez-Máñez , J. Soto, L. A. Villaescusa, K. Rurack. J. Mater. Chem., 2011, 21, 5004. 
235 a) J. He,  T.- Y. Zhang, G. Chen. J. Colloid Interf. Sci., 2012, 373, 94; b) C.-W. Yu, S.-H. Li, H. Zheng, J.-G. Xu, Chinese 
J. Chem., 2007, 25, 797; c) T. Grady, T. Butler, B. D. MacCraith, D. Diamond, M. A. McKervey. Analyst, 1997, 122, 803. 
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238 a) L. Klimant, O. S. Wolfbeis. Anal. Chem., 1995, 67, 3160–3166; b) C. McDonagh, C. Kolle, A. K. McEvoy, D. L. 
Dowling, A. A. Cafolla, S. J. Cullen, B. D. MacCraith. Sens. Actuators B-Chem., 2001, 74, 124. 
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242 a) A. M. Costero, M. Parra, S. Gil, R. Gotor, P. M. Mancini, R. Martínez-Máñez, F. Sancenón, S. Royo. Chem. Asian. 
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monitoritzar i registrar el canvi de color dels sensors químics automàticament 
reté aquesta innovadora investigació lluny del mercat i la lliga a les primeres 
etapes de desenvolupament. Aquesta bretxa entre el disseny i la síntesi d'un 
sensor químic i la seva aplicabilitat als casos reals ha estat la nostra força 
motriu per construir un dispositiu de codi obert econòmic capaç de solventar el 
problema en el que ens trobem avui. 
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6.2. Objectius 
L'objectiu principal d'aquest capítol és dissenyar, construir i avaluar un 
dispositiu electrònic per a la monitorització de gasos basat en quimiosensors. 
Concretament, els objectius són: 
 
· Disseny del dispositiu electrònic amb els components necessaris per mesurar 
el color i mostrar els seus valors d’una manera modular. 
  
· Construir un prototip del dispositiu de baix cost i utilitzant components de 
codi obert, assegurant mantenir una mida xicoteta per a que sigui portàtil.  
 
· Escriure un programari de codi obert capaç, aplicable a qualsevol sensor 
químic. El programari ha de ser capaç d'oferir una resposta d'alarma quan 
s'obtenen els valors dels colors especificats.  
 
· Avaluar l’eficàcia del prototip utilitzant un sensor químic per a gasos 
prèviament sintetitzat; en aquest cas, un sensor químic per a HCN.     
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6.3. Prototip 
Principi de funcionament 
El principi bàsic d'aquest dispositiu es basa en mesurar el color visible d'una 
pel·lícula que conté un sensor químic que és sensible al gas que ha de ser 
mesurat. Com es va indicar anteriorment, el sensor químic ha de produir una 
forta variació de les seues propietats òptiques en presència del gas que es 
desitja detectar. Aquesta variació pot ser un augment o disminució de la 
intensitat de color o fluorescència, així com una modulació de la longitud d’ona 
del color absorbit / emés. El sensor químic es col·loca sobre un suport sòlid 
dins de la càmera de mesura del dispositiu. Llavors un corrent d'aire és força a 
fluir sobre el suport sòlid, permetent així que el sensor químic reaccioni amb el 
gas. El dispositiu construït és suficientment sensible com per a mesurar el canvi 
de color del sensor químic, i per tant, capaç de produir una resposta analítica. 
Construcció del dispositiu 
Maquinari	  i	  electrònica	  	  
La natura electrònica del dispositiu es basa a una placa comercial de Arduino 
UNO. [244] Aquestes plataformes de prototipatge estan disenyades al voltant 
d’un microcontrolador (µC) Atmel ATmega328 [245] que treballa a 16 MHz. La 
placa inclueix tots els components necessaris per a concebre el µC en un 
dispositiu autónom. La placa d’Arduino proporciona 14 entrades/eixides 
digitals i sis analògiques. El processador té pre-programat un bootloader o codi 
d’arranc que permet la càrrega de programes escrits a C/C++ des d’ un PC 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
244 Arduino Uno Board. Available online: http://arduino.cc/en/Main/arduinoBoardUno (accessed on 2 September 2014).  
245 Atmel ATmega328. Available online: http://www.atmel.com/devices/atmega328.aspx (accessed on 2 September 2014).  
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mitjançant un xip integrat FT232RL de la companyia FTDI [246], que està a càrrec 
de fer de traductor entre el UART de l’Arduino i l’USB. 
Els pins de l’Arduino estan exposats de tal manera que la placa pot ser 
connectada a una alta varietat de complements, coneguts per la comunitat 
d’Arduino com a shields. Això ens ha permès connectar el µC del nostre 
dispositiu a un shield per a llegir tarjetes microSD[247]  i a una pantalla LCD-Sèrie 
[248] (els dos de codi lliure) proporcionades per l’empresa Sparkfun.[249] 
El shield de la targeta microSD ofereix una forma ràpida i fàcil per a 
l'emmagatzematge d'arxius de paràmetres i registres de dades dels 
mesuraments, que després poden ser consultats i graficats per l'usuari en un 
PC. La pantalla LCD-Sèrie permet al dispositiu comunicar-se amb l' usuari 
sense haver d'usar massa dels valuosos pins d’entrada/eixida (I/O) del 
Arduino (i.e. usant un LCD de connexió paral·lela es necessitarien emprar un 
total de set pins, mentre que el LCD de connexió en sèrie utilitza un ). 
El cor sensor del dispositiu es composat de dos sensors de color (un per a la 
referencia i l’altre per a la mostra) que utilitzen els xips convertidors de color a 
freqüencia TAOS TCS230[250] Aquests són composats per una matriu de 4x4 
fotodiodes. Cada grup és filtrat per un filtre transparent, vermell, verd o blau 
(respectivament). El xip TCS230 proporciona com a sortida una senyal de 
freqüència variable dins dels kHz que és proporcional a la quantitat de llum. A 
més, el TCS230 està muntat sobre una placa de ruptura que incorpora un 
sistema de lent d'enfocament, així com un circuit integrat que tradueix l’ eixida 
UART del TCS230 a una cadena de dades en format ASCII. La cadena de dades 
proporciona directament els valors RGB de la mesura. Tot aquest conjunt es 
ven comercialment per l’empresa Sure Electronics com DC-SS501.[251] 
Abans de la mesura, la pel·lícula sensora s'il·lumina amb LEDs de 5700K. Hi 
han dos conjunts de LEDs dins la càmera de mesura, disposats de tal manera 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
246 FTDI Chip. Available online: http://www.ftdichip.com/ (accesed on 18 September 2014), 
247 microSD Shield (DEV 09802). Available online: https://www.sparkfun.com/products/9802 (accessed on 2 September 
2014).  
248  Sparkfun Electronics (LCD-10097). Available online: https://www.sparkfun.com/products/10097 (accessed on 2 
September 2014).  
249 Sparkfun Electronics. Available online: http://www.sparkfun.com (accessed on 2 September 2014).  
250 TAOS TCS230 datasheet. Available online: http://www.w-r-e.de/robotik/data/opt/tcs230.pdf (accessed on 2 September 
2014). 
251 TCS230 / DC-SS501 Color sensor module guide. Available online:  http://www.warf.com/download/4781_6994_DC-
SS501_Ver1.0_EN.pdf (accessed on 2 September 2014). 
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que el color pot ser mesurat o be per transmissió o be per reflectància, depenent 
de si el suport sòlid triat és transparent o no. 
El dispositiu integra a banda un senyal acústic i un LED vermell per alertar 
l'usuari si la detecció ha arribat a un determinat valor especificat per l’usuari. 
El sistema és controlat mitjançant tres botons (OK, amunt i avall) que permeten 
a l'usuari navegar a través del menú i les diferents opcions del dispositiu. 
 
 
Figura 1: Representació esquemàtica de les connexions entre els diferents mòduls. (1) placa 
Arduino Uno. (1a) port de comunicació USB. (1b) connector d'alimentació. (2) sensors de 
color TAOS TCS230. (3) il·luminació per reflexió. (4) il·luminació per transmissió. (5) 
pel·lícula sensora. (6) ràcord d'entrada d'aire. (7) ràcord de sortida d'aire. (8) mòdul de 
targeta microSD. (9) mòdul de pantalla LCD-Sèrie. (10) polsadors per a la navegació pel 
menú. (11) brunzidor acústic. (12) indicador visual LED. 
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Esquema 1. Esquema electrònics del dispositiu. El brunzidor, el LED RGB, i els polsadors 
són controlats mitjançant els ports analògics Arduino A1, A2 - A3 i A5, respectivament. El 
pin RX de la pantalla LCD-Sèrie està connectat al pin digital D2 de l’Arduino. Els sensors 
de color TCS230 són controlat mitjançant SPI a través dels pins digitals D4 - D5 i D6 - D7. El 
shield per a la microSD està connectat a través d' SPI als pins MOSI, MISO i SCK de 
l’Arduino (D11 - D13, respectivament). Els pins D9 i D10 controlen la il·luminació de 
transmissió i reflexió. 
Caixa	  	  
Tota l'electrònica està instal·lada en una caixa metàl·lica de 400 × 62 × 56 mm, 
excepte el sistema d'il·luminació, que es troba a la càmera de mesurament. La 
caixa integra a la banda superior els tres polsadors per a la navegació pel menú 
i la pantalla LCD. La part posterior de la caixa té dues obertures que permeten 
connectar l'adaptador de corrent i el cable de comunicació USB. 
5V
Serial LCD
RX
DC-SS501
TCS230
5V
TX RX
DC-SS501
TCS230
TX RX
Chapter	  6	  
 
 399 
 
Figura 2: Representació esquemàtica de la carcassa del dispositiu. Les mides s'indiquen en 
mm. (a) Vista superior. (b) Vista lateral i posterior. (c) Vista lateral de la caixa oberta. La 
línia discontínua indica la zona d'ocupació de la pantalla LCD. 
Càmera	  de	  mesurament	  
La càmera de mesurament és un cilindre de PVC (60 × 45 mm) amb dos ràcords 
metàl·lics (25 × 10 mm) que proporcionen l'entrada i sortida d'aire. Dins de la 
càmera, hi ha un parell de LEDs blancs (5.700 K, ¼ W, ≈3.5 V) utilitzats com a 
il·luminació per transmissió, i un LED blanc (5.700 K, 1W, ≈3.5V) utilitzat com a 
il·luminació per reflexió. Entre els dos conjunts de LED, hi ha una ranura per a 
la col·locació de la pel·lícula de detecció. La mesura per part dels sensors de 
USB
communication
port
Power
connector
State indicator
LED
OK, up and down push buttons
LCD display
LCD display
occupation
Arduino Uno board
BuzzerColor sensor
TCS230
470
95 62
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color es realitza a través de dues finestres de quars situades en un costat de la 
càmera.  
 
Figura 3. Representació esquemàtica de la càmera de mesurament i la seva grandària (en 
mm) (a) Vista frontal de l'interior de la càmera. Les línies discontínues determinen la 
posició de la pel·lícula de detecció. (b) Vista lateral de la càmera oberta. (c) Vista lateral de 
la càmera tancada. (d) Dimensions necessàries per a la pel·lícula de detecció. Les zones 
grises determinen les àrees on es pren la mostra de color, per tant, on ha de trobar-se el 
sensor químic. 
El flux d’aire es realitza mitjançant una bomba d'aire extern connectat a 
l'entrada d'aire. Com accessori, també hem construït una càmera de 
mesurament alternativa, per a mesures fora del laboratori. Aquesta càmera és 
idèntica a la descrita anteriorment, amb la particularitat que en comptes de 
tindre els ràcords d’entrada i eixida, té un ventilador elèctric que força l'aire 
atmosfèric a fluir a través de la càmera i no necessita de bombes d’aire externes. 
Les dimensions totals d'aquest dispositiu són 470 × 95 × 74 mm, el que significa 
que és un dispositiu portàtil que es pot col·locar en zones sensibles. 
L'alimentació del dispositiu és pot subministrar amb una bateria de 9V o amb 
un adaptador de corrent que proporcione 9V i 200 mA. El cost total del prototip 
és de €72.40.  
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Part Unitats Preu (en €)   
Arduino Uno 1 19.57 19.57  
SparkFun mircoSD shield 1 11.73 11.73  
SparkFun Serial LCD 1 19.57 19.57  
Sure Electronics SS-DC501 (TCS230) 2 10.04 20.08  
LED Blanc ½ W 2 0.02 0.04  
LED  Blanc 1W 1 0.16 0.16  
RGB LED 1 0.06 0.06  
Brunzador 1 0.24 0.24  
Altres components electrònics 1 0.94 0.94  
  TOTAL (€) 72.40  
Taula 1. Llista de preus de cada component i preu total. 
Programari	  	  
El programari del dispositiu va ser programat en una variant de C++, que és 
l'idioma que utilitza l'IDE Arduino, i té una mida de 24.676 bytes. 
Procediment	  per	  a	  la	  mesura	  
Després d’encendre el dispositiu, aquest mostra el menú amb la possibilitat de 
seleccionar entre balanç de blancs i tres modes de mesura. 
L'usuari ha de fer llavors un balanç de blancs, ficant a la càmera de mesura una 
pel·lícula que faci de blanc. Seguidament ha de seleccionar el Mode #4. 
Després que s'ha fet el balanç de blancs, el dispositiu torna al menú principal. 
A continuació, la pel·lícula per al blanc ha de ser reemplaçada amb la pel·lícula 
sensora.  
En aquest punt, l’usuari pot seleccionar qualsevol dels tres modes de mesura. 
Mode #1: Mesura única: el dispositiu obté els valors RGB per a les mostres dins 
la càmera de mesura, i els mostra a la pantalla LCD.  
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Mode #2: Mesura front al temps: el dispositiu mesura els valors RGB amb una 
freqüència i durant un període de temps especificat per l'usuari. Els valors 
obtinguts s'emmagatzemen a la targeta SD i s’envien al mateix temps a través 
del port sèrie, de manera que poden ser analitzats per un ordinador en temps 
real.  
Mode #3: Detecció: el dispositiu realitza la mesura de la mateixa manera que 
en el Mode #2, però després de cada mesura, el programari compara els valors 
RGB obtinguts amb els emmagatzemats a l'arxiu "parameters.txt" de la targeta 
microSD. Els valors emmagatzemats a aquest fitxer han de ser els corresponent 
per a la pel·lícula de detecció quan la concentració d'un gas específic arriba a un 
valor de concentració perillosa. Si els valors RGB mesurats passen el llindar 
(per defecte, 90% de similitud), el dispositiu genera un esdeveniment d’alarma. 
Aquest esdeveniment és acústic i visual. 
 
Esquema 2. Diagrama de flux per a l'operació del programari del dispositiu. 
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6.4. Resultats i Discussió 
Detecció de gas HCN 
Com s’ha vist abans, hem demostrat en una publicació anterior la capacitat 
d’un derivat de p-quinometà (5.2) per a treballar com a sensor de cianur 
d’hidroge.[239] Aquest sensor, dipositat sobre plaques de sílice aminades, 
reacciona amb gas HCN en una reacció nucleòfila impulsada per l’anió CN-. El 
color del sensor és inicialment malva-rosa, però es blanqueja proporcionalment 
segons la quantitat de HCN present en l'aire. A tall d'exemple, una atmosfera 
contaminada amb 60 ppm de HCN pot blanquejar completament 2,5 mol · cm-2 
de 5.2.  
Degut als bons resultats que hem aconseguit en utilitzar aquests sensors 
químics, hem decidit que és apropiat utilitzar-lo per provar el dispositiu de 
detecció.  
Preparació	  de	  les	  pel·∙lícules	  sensores	  
En una dissolució 10-3 M en acetonitril de 5.2, es sumergiren plaques de sílice 
durant 5 segons (vegeu la Figura 4). Les dimensions de les plaquetes son 2×3 
cm. Després d'assecar el acetonitril sobrant en un forn a 40 º C durant 2 minuts, 
es va calcular la càrrega aproximada de 5.2, que va resultar ser 25 mol · cm-2.  
Després d’aquest procediment, les tires són llestes per a ser utilitzades en el 
dispositiu de detecció.  
 
Figura 4. Preparació de la pel·lícula de detecció mitjançant l'adsorció de la sonda en fulls de 
sílice aminats. 
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Després del calibratge del balanç de blancs amb una plaqueta de sílice sense el 
sensor 5.2, la pel·lícula sensora es col·loca dins de la càmera de mesura i 
l’aparell es conecta al sistema experimental  com s'observa a la Figura 5. Els 
intervals de mesurament es van establir per a prendre mostres cada 5 s. 
Després de prémer el botó d'inici, el dispositiu comença a prendre mostres de 
l’estat del color del sensor químic.  
 
Figura 5. (Dalt esquerra) La pel·lícula detectora situada a la càmera de mesurament. (Centre 
i dreta) Aparell i els diferents menús que apareixen abans de començar la mesura. 
El dispositiu està connectat a una bomba d'aire que força l'aire a fluir a través 
de tot el sistema. Immediatament abans de l'entrada d'aire del dispositiu, es va 
col·locar un matràs de fons rodó de tres boques d'1 litre el qual determina la 
mida de l'atmosfera experimental.  
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Figura 6. Fotografia del muntatge complet. 
Després d'algun temps, es van injectar en el sistema diferents quantitats de 
HCN simulant una fuita de gas. Immediatament, els valors RGB mostrats pel 
dispositiu començaren a canviar.  
 
Figura 7. Gràfic típic dels valors RGB en funció del temps després de la contaminació del 
sistema amb 14 ppm de gas HCN. 
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La Figura 7 mostra la resposta típica del dispositiu després de l'addició de 14 
ppm de HCN. L'addició d'HCN al sistema va tenir lloc 30 s després del 
començament dels mesuraments. Es van observar canvis immediats en els 
valors RGB, a partir de R: 193, G: 152, B: 183 (malva-rosa), i van derivar cap a 
un valor comú de 240 a 255 (blanc). 
Com que el canvi en aquest sensor consisteix en una desaparició completa del 
color, la mesura del canvi en luminància (el valor Y a l'espai de color CIE xyY) 
és un indicatiu més representatiu del que està ocurrint. (Per a una 
documentació sobre la conversió entre RGB i CIE 1931, es pot llegir les 
referències [252] o [253]). En el cas d’altres sensors químics que modulen el seu 
color en lloc de la decoloració o la intensificació d’aquest, és més apropiat 
mesurar el matís de color a l’espai HSV. La velocitat de la reacció del sensor 
químic amb el HCN, així com el blanqueig de la pel·lícula sensora,  és depenent 
la seva concentració d’aquest gas.  
 
Figura 8. La luminància (Y, al espai de color CIE xyY) enfront del temps després de 
contaminar el sistema amb 3, 7, 14, i 40 ppmv de HCN gas. La figura adjunta mostra la 
correlació del pendent de les velocitats inicials amb la concentració de HCN. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
252  CIE 1931 color space. Available online: http://en.wikipedia.org/wiki/CIE_1931_color_space (accessed on 22 
September 2014). 
253  Colour space conversions. Available online: http://www.poynton.com/PDFs/coloureq.pdf (accessed on 22 
September 2014). 
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Com s'observa a la Figura 8, el pendent de la corba en els temps de reacció 
inicial és proporcional a les concentracions de HCN. D’aquesta manera, es pot 
evaluar la concentració de HCN. 
Les dades RGB son contínuament enviades pel port sèrie del dispositiu, així 
que també hem escrit un programari a Processing2+ que monitoritza l’estat del 
dispositiu representant a una gràfica aquests valors.  
Aquest programari converteix contínuament les dades que arriben a través del 
port sèrie del format RGB a CIE 1931 xyY. Aquest programari també mostra el 
pendent real de la corba i mostra el valor màxim de concentració alcançat. 
A més, el programa acoloreix amb els valors RGB observats dos cercles, que 
simulen el camp de visió dels dos sensors de color. 
 
Figura 9. Avaluació de dades amb una aplicació graficadora de programació pròpia 
utilitzant Processing2+. 
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6.5. Conclusions i perspectives de futur 
Els sensors químics òptics han demostrat ser una alternativa interessant per a la 
detecció de gasos perillosos gràcies a la seva selectivitat i especificitat. No 
obstant això, la instrumentació accessible per al mesurament automàtica de 
l’estat d’aquests sensor és encara escassa i cara. En el present treball, hem 
utilitzat l'electrònica modular per construir un dispositiu de baix cost i fàcil de 
construir capaç de detectar gasos perillosos mitjançant la mesura del color d’un 
sensor químic.  
A tall d'exemple, hem demostrat la capacitat de detecció del nostre dispositiu 
en combinació amb un sensor químic específic per a gas HCN.  
Creiem que la construcció de dispositius similars és un pas molt important en 
el camp dels quimiosensors, ja que ajuda als dissenyadors de sensors químics a 
saltar al camp de l'aplicació real. Potser més important encara, l'enfocament 
d’aquest treball com a programari i maquinari de codi obert, facilita que 
aquests dispositius per a la seguretat de les persones arriben a les persones que 
més ho necessiten. 
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Chapter 7. Conclusions 
Today’s world requires more and more sensors capable of detecting more 
quickly and selectively. Chemosensors stand out for their selectivity and 
specificity over others as they can be designed specifically for a particular 
analyte. 
 
Among chemosensors, those with optical properties are also most interesting as 
they do not require advanced (sometimes no) instrumentation for 
measurements. 
 
The present thesis has designed, synthesised and evaluated chemosensors and 
chemodosimeters for the specific detection of species with biological activity, 
regardless of their toxicity or biological importance. 
 
The research, design and synthesis of these sensors have been divided into 
discrete sections. These sections describe chemosensors for anions, 
chemosensors for ionic pairs and zwitterions, chemodosimeters for chemical 
warfare (nerve agents and blood agents) and the development of a low-cost 
electronic device for the fast measurement and monitoring of these sensors. 
 
Chapter 2 indicates the use of calix[4]pyrrole derivatives for the detection of α-
ω-dicarboxylates, and also for the reception of sulphonates. 
In the first case, we obtained a homotopic sensor capable of detecting the 
presence of α-ω-dicarboxylates of different lengths by modulating their 
fluorescent intensity and colour shifts. The highest affinity constant was found 
for the sebacate anion.  
In the second case, two constrained calix[4]pyrrole derivatives were 
synthesised. It has been observed that such receptors increase complexation 
preference for sulphur tridentate compounds if compared with normal 
calix[4]pyrroles. This chemosensor may be the first step in the development of 
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new calix[4]pyrroles-based sensors for important species, such as alkyl and 
alkylbenzenesulphonates.  
 
Chapter 3 reports the design, synthesis, evaluation and application of an 
heteroditopic sensor and receptor for ion pairs and zwitterions. The new probe 
is capable of complexing and sensing anions and cations separately, but also 
ion pairs. Further experiments have demonstrated its ability to solubilise ionic 
pairs and zwitterionic species. It can also perform different logical operations 
and behave like a molecular logic gate. This compound greatly contributes to 
the modern field of molecular logic gates as it is the first to use a cation and an 
anion as inputs for operations.  
 
Chapter 4 provides a large collection of different optical chemodosimeters for 
nerve agents based on stilbene, BODIPY and triarylmethanols. In this 
chemosensor library, there are OFF-ON and ON-OFF probes based on 
colorimetric or fluorometric changes. The detection properties were tested in 
acetonitrile, aqueous solution and the gas phase. Sensors demonstrated their 
capabilities of detecting these toxic agents at low concentrations and in the 
presence of other interferents. Some sensors can also behave like double 
probes, which indicates, as well as the presence of the nerve agent, its nature. 
The development of these sensors is a breakthrough for this relatively new and 
small field. We hope that our efforts are helpful in areas where these sensors 
are needed.  
 
Chapter 5 describes the design, synthesis and evaluation of two 
chemodosimeters for blood agent HCN. These chemosensors quickly detect 
CN- in a water solution and in a gas phase (e.g., HCN). One of the sensors has 
good selectivity for CN- versus HS-, the commonest interferent. HCN gas 
detection using chemosensors/chemodosimeters is scarcely reported in the 
literature. This is why we are sure that these sensors will be a major 
contribution to a recent field. 
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Finally, Chapter 6 reports the design and construction of an electronic device 
capable of automatically measuring the colorimetric changes made by any 
chemosensor/chemodosimeter for gases. The operation of the device is 
demonstrated using the chemodosimeters described in Chapter 5. We believe 
that the development of a low-cost apparatus, like that indicated herein, could 
be a breakthrough to promote the use of chemosensory and could bridge the 
existing gab between most chemosensor design labs and the industry and 
market. 
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Addendum 1: Physical constants 
Planck’s constant  h = 6.62606896(33) × 10−34 J s 
Speed of light  c =  299 792 458 m/s  
Electronvolt   1 eV = 1.602176565(35) × 10-19 J 
Elementary charge   e =  1.602176565(35)×10−19 C 
Boltzmann constant  k=1.3806488(13)×10−23 
Relationship between 
volt and joule  1 V = 1 J × C-1 
Addendum 2: Chemical abbreviations 
ABS   branched alkylbenzenesulphonate 
Ac   acetyl 
APG   alkyl polyglucoside 
Arg   arginine 
Asp   asparagine 
BBS   bis(benzoxazolyl)stilbene 
BOC   tert-butyloxycarbonyl 
BODIPY 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, difluoroboron 
dipyrromethene 
Bu   butyl 
p-chloranil  tetrachloro-1,4-benzoquinone 
CTAB   trimethylammonium bromide 
CV crystal violet, tris(4-(dimethylamino)phenyl)methylium 
chloride 
CWA   chemical warfare agent 
Cy3 2-[(E,3Z)-3-(1,3-dihydroindol-2-ylidene)prop-1-enyl]-3H-
indol-1-ium 
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Cyclosarin (GF) cyclohexyl methylphosphonofluoridate 
Cys   cysteine 
DAP   dialkylphosphate 
DCM   dichloromethane 
DCNP  diethylcyanophosphonate 
DCP   diethylchlorophosphate 
DCTP   diethyl chloridothiophosphate 
4,4’-DDD  1-chloro-4-[2,2-dichloro-1-(4-chlorophenyl)ethyl]benzene 
4,4’-DDE  1,1-bis-(4-chlorophenyl)-2,2-dichloroethene 
DDQ   2,3-dichloro-5,6-dicyano-p-benzoquinone 
DECP   diethyl cyanomethylphosphonate 
DFP   diisopropylfluorophosphate 
DMF   dimethylformamide 
DMSO  dimethylsulfoxide 
DMTP  diethyl (methylsulfanyl)methylthiophosphonate 
DODMAC  dimethyldioctadecylammonium chloride 
DOPP   diethyl (2-oxopropyl)phosphonate 
DPEP   diethyl (1-phenylethyl)phosphonate 
Dyfonate  O-ethyl S-phenyl ethylphosphonodithioate 
Et   ethyl 
EtOac   ethylacetate 
EtOH   ethanol 
GABA  γ- aminobutiric acid. 
Glu   glutamic acid 
Gly   glicine 
GV 2-(dimethylamino)ethyl N,N-dimethylphosphoramido-
fluoridate 
Hex   hexane 
LAB   linear alkylbenzenesulphonate 
Lys   lysine 
Malathion diethyl 2-[(dimethoxyphosphorothioyl)sulfanyl]butane-
dioate 
MAP   monoalkylphosphate 
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Me   methyl 
MeCN  acetonitrile 
Ms   mesyl 
OMCP  meso-octamethylcalix[4]pyrrole 
Ph   phenyl 
Pr   propyl 
R   organic residue 
RNS   reactive nitrogen species 
ROS   reactive oxygen species 
Sarin   (RS)-O-isopropyl methylphosphonofluoridate 
SDS   laurylammoniumsulphate 
Soman  O-pinacolyl methylphosphonofluoridate 
Tabun   (RS)-ethyl N,N-dimethylphosphoramidocyanidate 
TBA   tetrabutylammonium 
TBS   tert-butyldimethylsilyl 
TFA   trifluoroacetic acid 
THF   tetrahydrofurane 
TIPS   triisopropylsilyl 
TMS   trimethylsilyl 
Ts   tosyl 
Tyr   tyrosine 
VE   S-(diethylamino)ethyl O-ethyl ethylphosphono-thioate 
VG Amiton, Tetram, O,O-diethyl S-2-(diethylamino)ethyl 
phosphorothioate 
VX O-ethyl S-[2-(diisopropylamino)ethyl] methylphosphono-
thioate 
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Addendum 3: Physical abbreviations and units 
χR2   chi-square 
Å   angstrom, 10-10 m 
?   chemical shift 
ϵ   molar absorption/extinction coefficient 
?abs   absorption wavelenght 
?em   emission wavelenght 
?exc   excitation wavelenght 
Φf   fluorescence quantum yield 
A   acceptor 
aq.   aqueous 
b.p.   boiling point 
C-rim    carbon rim 
CT   charge transfer state 
D   donor 
Decomp.  decomposition 
?G   Gibbs free energy 
EI   electron ionization/electron impact 
ESI   electronic suplementary information 
FM   frequency modulation 
FRET   Förster/fluorescence resonance energy transfer 
fwhm   full width at half maximum 
HOMO  highest occupied molecular orbital 
HRMS  high-resolution mass spectrometry 
ICT   intramolecular charge transfer 
ILCT   intraligand charge-transfer 
IMS   ion mobility spectroscopy 
IR   infrared 
ITC   isothermal titration calorimetry 
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kx   rate constant of process x 
LD50   Median lethal dose 
LE   Locally excited state 
LnAx   n·Ligand:x·Anion complex 
LoD (DL)  limit of detection 
M   molar, mol × dm3 
[M]+   molecular ion 
MALDI-TOF  matrix assisted laser desorption/ionization time of flight 
m.p.   melting point 
MW   microwave 
NIR   Near infrared 
NMR   nuclear magnetic resonance 
PET   photoinduced electron transfer 
pH pondus hydrogenii, decimal cologarithm of hydrogen 
concentration 
pKa   decimal cologarithm of affinity constant 
ppb(v)   parts per billion (volumetric) 
ppm(v)   parts per million (volumetric) 
Rf   retention factor 
S    slope 
S0   ground orbital/state 
S1   ground orbital/state 
sat.   saturated 
Sb1   standard deviation of the blank 
QTOF   quadrupole time of flight 
TLC   thin layer chromatography 
UHF   ultra high frequency 
UV   ultraviolet 
v/v   volume / volume 
VHF   very high frequency 
Vis   visible 
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Addendum 4: Electronic abbreviations 
µC   microcontroller 
ASCII   american standard  code for information interchange 
CCD   charge-coupled device 
CIE    commission internationale de l'eclairage 
FOSS   free and open source software 
IDE   integrated development environment 
I/O   input /output 
LCD   liquid crystal display 
LED   light emitting diode 
microSD  micro secure digital 
MOSI   master out slave in 
Miso   master in slave out 
RGB   red green blue 
SCK   clock signal 
SPI   serial peripheral interface bus 
UART   universal asynchronous 
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Addendum 5: Truth tables of some logical operations 
Table 1. (from left to right) Truth table for AND and NAND logic gates 
A B X  A B X 
0 0 0  0 0 1 
0 1 0  0 1 1 
1 0 0  1 0 1 
1 1 1  1 1 0 	  
Table 2. (from left to right) Truth table for OR and NOR logic gates 
A B X  A B X 
0 0 0  0 0 1 
0 1 1  0 1 0 
1 0 1  1 0 0 
1 1 1  1 1 0 
 
Table 3. (from left to right) Truth table for XOR and XNOR logic gates 
A B X  A B X 
0 0 0  0 0 1 
0 1 1  0 1 0 
1 0 1  1 0 0 
1 1 0  1 1 1 
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Table 4. (from left to right) Truth table for INHIBIT and IMPLICATION logic gates 
A B X  A B X 
0 0 0  0 0 1 
0 1 1  0 1 0 
1 0 0  1 0 1 
1 1 0  1 1 1 
 
Table 5. (from left to right) Truth tables for PASS 0, PASS 1, YES and NOT logic gates 
A X  A X  A X  A X 
0 0  0 1  0 0  0 1 
1 0  1 1  1 1  1 0 
 
Table 6. Truth table for the half-adder 
A B AND (Carry) 
XOR 
(Sum) A+B 
0 0 0 0 00 
0 1 0 1 01 
1 0 0 1 01 
1 1 1 0 10 
 
Table 7. Truth table for the half-subtractor  
A B OR (Difference) 
IMPLICATION 
(Borrow) A-B 
0 0 0 0 00 
0 1 1 1 11 
1 0 1 0 10 
1 1 0 0 00 
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